The properties and development of axopodial microtubules in the heliozoan Actinophrys Sol by Ockleford, Colin Douglas
  
THE PROPERTIES AND DEVELOPMENT OF 
AXOPODIAL MICROTUBULES IN THE HELIOZOAN 
ACTINOPHRYS SOL 
 
Colin Douglas Ockleford 
 
A Thesis Submitted for the Degree of PhD 
at the 
University of St Andrews 
 
 
  
1973 
Full metadata for this item is available in                                                                           
St Andrews Research Repository 
at: 
http://research-repository.st-andrews.ac.uk/ 
 
 
 
Please use this identifier to cite or link to this item: 
http://hdl.handle.net/10023/14546  
     
           
 
 
 
This item is protected by original copyright 
 
THE PROPERTIES AND DETELORÎENT OP AXOPODIAL 
MICR0TRBÜLB3 IN THE ÏÏELIOZOAN ÂCTINOPHRYS SOL
by
C o l i n  D o u g l a s  O c k l e f o r d
A t h e s i s  
subm itted  f o r  th e  degree o f  
D octor  o f  Ph ilosophy
August 1973
Department o f  Zoology, 
U n iv e r s i ty  o f  S t Andrews
ProQuest Number: 10167213
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10167213
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
<h0
UntVor3i  ty  0a r e e r
ï n  O ctober 1966 I  s t a r t e d  a  f o u r - y e a r  degree  cou rse  a t  3 t  Andrews Uni.v e r ­
s i f y .  T h is  le d  to  my g ra d u a t io n  w ith  an u p p e r 's e c o n d -c 3a s s  Honours BSo 
in  Zoology, I  remained a t  S t Andrews and took up a  Science Research 
C ouncil S tu d e n tsh ip  i n  th e  Zoology D epartm ent. In  1972 I  sp en t  a s h o r t  
t im e working in  th e  Zoology Departm ent, Edinburgh U n iv e r s i ty .  S ince 
O ctober 1970 1 have re s e a rc h e d  i n t o  th e  axo p o d ia l  m ic ro tu b u le s  of the  
‘h e l io a o a n  A ctinoph iys  s o l . The r e s u l t s  o f  my r e s e a r c h  a r e  p re se n te d  h e re  
f o r  th e  degree  o f  Doctor o f  P h ilosophy .
D e c la ra t io n
I  d e c l a r e  t h a t  t h i s  t h e s i s  i s  th e  r e s u l t  o f  my own work» V/here observa­
t i o n s  and experim en ts ,  performed by o th e r s ,  a re  r e f e r r e d  to  in  th e  t e x t  
they  have been  acknowledged. None o f  the  m a te r i a l  in  t h i s  d i s s e r t a t i o n  
has been subm itted  by me f o r  any o th e r  d eg ree .
August 3 1 s t ,  1973
(c a n d id a te )
Ce r t i f i c a t e
I  c e r t i f y  t h a t  Mr C o lin  Douglas O ckleford has  sp en t tw e lv e  term s a t  
r e s e a r c h  work on th e  ax o p o d ia l  m ic ro tu b u le s  of the h e l io z o a n  A ctinoohrys 
s o l ,  t h a t  he has f u l f i l l e d  th e  c o n d i t io n s  o f  Ordinance No. 16 (S t  Andrews/ 
and t h a t  he i s  q u a l i f i e d  to  submit th e  accompanying t h e s i s  f o r  th e  d eg ree  
o f  D octor o f  P lii losophy.
August 3 1 s t ,  1973
s u p e rv is o r )
SimART
Long le n g th s  o f  m j.cro tubules  a p p a re n t ly  b reak  down v e ry  r a p i d l y  
(lOO^m i n  under  a second) d u r in g  an h i t h e r t o  u ndescr ibed  fe e d in g  re sp o n se .  
M ic ro tu b u la r  axopodia e l a s t i c a l l y  r e s i s t  m ild  bending a long  t h e i r  l o n g i ­
t u d i n a l  ax es .  They y i e ld  n o n -e l  as t i c  a l l y  v/hen more sev e re  bending i s  
a p p l ie d ;  bonds a r e  formed a t  c e r t a i n  p o in t s  a long  t h e i r  lo n g i tu d in a l  
ax es .  A p o la r i s e d  r e p a i r  p ro cess  r e t u r n s  b en t  axopodia  to  t h e i r  normal 
s t r a i g h t  form. Bends u n d e r  r e p a i r  move out a long  axopodia  tow ards t h e i r  
t i p s .  Employing th e s e  bends as  m arkers  i t  has  been shown t h a t  breakdown 
o f  m ic ro tu b u le s  ta lœ s  p la c e  a t  th e  t i p s  of tu b u le s  a t  th e  d i s t a l  ends o f  
axopodia when axopodia l sh o r te n in g  i s  induced w ith  c o l c h i c i n e .
Evidence has been  ga in ed  which s u g g e s ts  t h a t  m ic ro tu b u le  growth and 
breakdown may be r e s t r i c t e d  to  p r e c i s e ly  lo c a l i s e d  a re a s  w i th in  an organ­
ism . A part from t h i s  c rude  c o n t r o l  over th e  p resence  o r  absence o f  
tu b u le s  i n  a  c e r t a i n  p o s i t i o n ,  i t  ap p ea rs  t h a t  the c e l l  has  p r o v is io n  f o r  
th e  re-dep loym ent o f  p r e f a b r i c a te d  groups o f  m ic ro tu b u le s .
A s tudy  o f  tu b u le  regrow th  and o f  th e  fo rm ation  o f  p a t te rn e d  aggreg­
a t e s  o f  m ic ro tu b u le s  a f t e r  ex p er im en ta l  d isassem bly  s u g g e s ts  t h a t  tu b u le  
i n i t i a t i o n ,  o r i e n t a t i o n  and p a t t e r n  fo rm a t io n  occur as  te m p o ra l ly  s e p a ra te  
p ro c e s s e s .  P a t t e r n  fo rm a t io n  does n o t  ap p ea r  to  depend on a  p r e - e x i s t i n g  
p a t t e r n  o f  n u c le a t in g  s i t e s  based on a  tw o-d im ensional te m p la te .
" I n  many c a t . e s  i t  i s  t h e  a r r a n g e m e n t  o f  t h e  a x i a l  
r o d s  ”  t h e  'nolar s y m m e t r y '  o f  t h e  e n t i r e  o r g a n i s m  
-  w h ic h  l i e s  a t  t h e  r o o t  o f  t h e  matter; and 
w h i c h 5 i f  o n l y  we c o u l d  a c c o u n t  f o r  it, would  make 
i t  comparatively e a s y  t o  e x p l a i n  t h e  s u p e r f i c i a l  configuration,"
D 'A r c y  W e n tw o r th  Thompson.  
On Cfrowth and   ^Form ( 1 9!| 2 /
4 %
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*GENERAL INTRODUCTION -ÿ
%The s ta tem en t t h a t  m ic ro tu b u le s  are o f  fundsmiental b i o l o g i c a l  -3
s ig n i f i c a n c e  would p robab ly  be c o n s id e re d  u n ex ce p tio n a b le  by th e  m ajority  
o f  c e l l  b i o l o g i s t s .  Any stru ctu res  o f  i n t e g r a l  im portance to  c e i l
ÏÎd i v i s i o n ,  c e l l  m o t i l i t y ,  i n t r a c e l l u l a r  t r a n s p o r t ,  and th e  development of
■tc e l l  shape a re  s u r e ly  worthy o f  the  c l o s e s t  c o n s id e r a t io n .  ^
PWork on m ic ro tu b u la r  systems i s  p ro g re s s in g  on s e v e ra l  fr o n ts . %
#B iochem ical c h a r a c t e r i s a t i o n ,  the  d esc r ip tio n  o f th e  development o f
tu b u le s ,  and th e  e l u c id a t io n  of m ic ro tu b u la r  fu n c t io n  a re  th r e e  main
" fo c a l  p o in t s "  o f  c u r r e n t  i n v e s t i g a t i o n s .  This t h e s i s  i s  the record o f
- -a d e t a i l e d  study  of one m ic ro tu b u la r  o rg a n e lle . The s tudy  has y ie ld e d
4#new in fo rm a t io n  which c o n t r i b u t e s  to  our u n d e rs ta n d in g  oi m icro tubu ie  
dev e l  opment, s t r u c t u r e , and f  unct  i o n .
The o rg a n e l le  concerned i s  the axopodial axoneme o f  the  h e l io z o a n  '-h
A ctinophrys  s o l . An axoneme i s  the  m ic ro tu b u la r ,  c e n t r a l  p o r t io n  o f  an 
axopodium, ?fhich i s  a  long  t h i n  c e l l  e x te n s io n .  Act in o p h ry s  l i k e  th e  
o th e r  members of th e  fam ily  A c tinoohyri d i i  has  no in o rg a n ic  o r  c h i t in o u s
s u r fa c e  c o a t in g .  %
From many p o in t s  o f  view t h i s  organism i s  w ell  s u i te d  to  a s tudy  o f  k l
t h i s  ty p e .  I t  i s  a  free  l i v i n g  p ro tozoan  which i s  e a s i l y  c u l tu r e d  in  fA
■th e  l a b o ra to r y .  i t  i s  r a d i a l l y  sym m etrical and has more than 100 Ii;
axopodia p ro tru d in g  from i t s  s u r fa c e .  Thus i t  i s  s u i t a b l e  fo r  a 
d e t a i l e d  e l e c t r o n  m ic ro sco p ic  exam ination  of axonemal o r g a n i s a t io n .
There a r e  few, i f  any, ca se s  where part o f  a c e l l  co n ta in s  such a h ig h  
p ro p o r t io n  of m ic ro tu b u le s  which a re  so e a s i l y  s u b je c te d  to  ex p er im en ta l  
a n a l y s i s .
;
l t  h a s  been p o s s i b le  to  go some way tow ards answ ering  th e  fo l lo w in g  ;‘t|
- a
- 2 -  '  '  '?
q u e s t io n s  Î -  -)
j_c Do long  le n g th s  o f  m icrotubuie break down in s ta n ta n e o u s ly  under fj
n a tu ra l ,  c o n d i t io n s ?  fj.
2. What i s  the  mechanism o f  th e  d e s t r u c t i v e  a c t io n  o f  c o lc h ic in e  on ' "? 
m ic ro tu b u le s?
3. Are th e  i n i t i a t i o n  o f  m ic ro tu b u ie  assem bly, d e te rm in a t io n  o f  the  
p a t t e r n  o f  tu b u le  pack ing ,  and s p e c i f i c a t i o n  of tu b u le  o r i e n t a t i o n  
c o n t ro l l e d  by d i s t i n c t  and s e p a ra te  mechanisms?
4* Are m ic ro tu b u le s  s t i f f  enough to  u n d e r ta k e  c y t o s k e l e t a l  r o le s  
vfhich have o f te n  been sugges ted  f o r  them?
5 . Can current t h e o r i e s  o f  tubule le n g th  d e te rm in a t io n  account f o r  
a l l  d a t a  re p o r te d  h e re  f o r  h e l io z o a n  m ic ro tu b u le s?
6. Are axopod ia l m ic ro tu b u le s  invo lved  in  h e l io z o a n  b in a ry  f i s s i o n ?
MATERIALS AIsD METHODS
I s o l a t i o n  of  A c t  i  n o p h r  y s  s o l  (Ehrenberg , 1838)
Actinophrys so l  ( f r o n t i s p i e c e )  was o b ta ined  from Cameron R eservoir  
n e a r  S t .  Andrews. T h is  organism i s  b e in g  maintained in  c u l tu r e  a t  the 
Cambridge C u ltu re  Centre of Algae and Protozoa, Cambridge, England ( L i s t  
no. LB5O2/ 1 ) .  I  thank Dr. P.C. Page f o r  confirm ing my id e n t i f ic a t io n  
which i s  based on R a in e r 's  ( 1968) key f o r  h e l io z o a n s .  The c u l t u r e s  of 
A c t in ophrys o r ig i n a t e  from a p o p u la t io n  o f  s e v e ra l  founder organisms 
(Vv'icht ermann, 1953 ).
(b) C u l t u r i r ^  o f  A c t i n o o h  r y  s
A ctinophrys has been m aintained i n  the laboratory fo r  2y y e a r s  by 
s e r i a l  s u b c u l tu r in g .  The c u l tu r e  medium i s  made by b o i l i n g  100 ml of  
f i l t e r e d  Cameron R e s e rv o ir  water with 3 wheat g r a in s  f o r  5 min. B o i l in g  
and f i l t e r i n g  was u n d er ta k en  to  k i l l  o th e r  organisais in  th e  water c o l l e c ­
ted  from th e  r e s e r v o i r .  Fresh c u l t u r e s  were prepared  by c o l l e c t i n g  a t  
l e a s t  20 Ac t i n o phrys from a 2-week-old c u l t u r e  with a f in e ly  drawn g la s s  
P a s te u r  C ap illary  P i p e t t e  (Harshaw Chemicals L t d . ) .  The Actinophrys 
were, th e n  p ip e t t e d  i n t o  a 9 cm d ia m e te r  d is p o s a b le  P e t r i  d is h  c o n ta in in g  
app rox im ate ly  8 ml o f  c u l t u r e  medium and a b o i le d  wheat g r a in .  A f te r  
i n o c u la t io n  a r i c h  su sp en s io n  o f  th e  c i l i a t e  Tetrabymena was added to  th e  
c u l tu r e  as  food. To o b ta in  "c lean "  c u l t u r e s  f o r  e l e c t r o n  m icroscopy th e  
wheat g r a in  was o m itte d .  However in  th e  normal cou rse  o f  c u l tu r in g  i t  
provided n u t r i t i o n  f o r  a p o p u la t io n  o f  sm all f l a g e l l a t e s  ( Ochromona s )  
v/hich were c a r r i e d  o ver  in  th e  p i p e t t e  from th e  p rev io u s  c u l t u r e .
These f l a g e l l a t e s  were preyed on by A ctinophrys  which m u ltip lied  more 
r a p id ]y on th in  mixed d i^ t  than  on T e t r a hymena a lo n e .
-  4 -
(c )  Food organism s
T e tr ahyrnena p y r ifo rra i s  (C.C.C.A.P. L i s t  no. LI63/IW) was c u l tu re d  
a x e n ic a l ly  a t  10°C in  an aqueous s o lu t i o n  o f  vfo p roteose  peptone and 
0 ,1 ^  y e a s t  e x t r a c t  (îvlackinnon and Hawes, 1961). B efore  a d d i t io n  to  th e  
A ctinonhrvs  c u l t u r e s  th e  c i l i a t e s  were c o n c e n tra te d  by m ild  c e n t r i f u g a t io n  
and resuspended in  b o i le d  and f i l t e r e d  re se r v o ir  w ater .
S ev e ra l  d i f f e r e n t  food organism s were used to  examine th e  method o f  
prey c a p tu re  i n  A c t in o p h ry s♦ These were from a x e n ic a lly  grown s to ck s  
o b ta ined  from Cambridge and were not m a in ta ined  in  th e  l a b o ra to r y  by th e  
a u th o r .  They were c o n c e n t ra te d  by mild c e n t r i f u g a t i o n ,  resuspended in  
boiled and f i l t e r e d  A ctinophrys  cu ltu re  medium and used immediately a f t e r  r e c e i p t .
TABLE I :  Food organism s
-----
Source L is t  no.
Ochromonas d an ica
Ochromonas malhamensis 
Ochromonas s o c i a b i l i s  
Ch1amydomonas r e i n h a r d i i
C u ltu re  C en tre  o f  Algae and 
P ro tozoaII
II
Supplied by Dr. A.M. S incock, 
Zoology Department, S t .  An­
drews U n iv e rs i ty
1933/2
1933/ l a
1933/3
(d) Lig h t  microscopy
For o b s e rv a t io n s  on liv in g  Ac t in o p h ry s  a r in g  p r e p a r a t io n  was 
dev ised  (F ig . l ) . In  such p r e p a r a t io n s  organism s su rv ived  f o r  48 h r  o r  
more. A r i n g  o f  s i l i c o n e  g re a s e  (Edwards High Vacuum L td . )  was prepared  
by ex p u ls io n  from an hypodermic sy r in g e  onto a g l a s s  s l i d e .  The n e e d le  
o f  th e  s y r in g e  was sh o r ten ed  to  a  stump w ith  a  p a i r  o f  w i r e - c u t t e r s  in  
o rd e r  to  reduce th e  p r e s s u r e  re q u ire d  to  e j e c t  th e  v is c o u s  g re a se  
through th e  long  narrow p assag e .  A sm all drop o f  c u l t u r e  medium c o n ta in ­
in g  A c tinoph rys was p laced  on th e  s l i d e  in  th e  m iddle  o f  th e  r in g  o f  
s i l i c o n e  g re a s e .  A sq u a re  No. 1 c o v e r s l i p  o f  s id e  2 cm was pressed  down 
evenly  onto th e  r i n g  u n t i l  th e  drop o f  c u l t u r e  medium met th e  c o v e r s l i p
A " r in g  p r e p a ra t io n " :  the  type  o f  p r e p a r a t io n
v/hiob was u s u a l ly  employed to  examine l i v i n g  
A ctinonh rys .
FIGURE 2
I l l u s t r a t e s  the  ty p e  o f  p r e p a ra t io n  most 
s u i t a b l e  f o r  m ic rom an ipu la t ion  s tu d ie s .  The 
p a r a f f i n  o i l  p re v e n ts  e v a p o ra t io n  of  th e  
c u l t u r e  medium.
SILICONE GREASE COVERSLIP
CULTURE MEDIUM
4-ACTINOPHRYS
CULTURE MEDIUM P a r a f f in  OIL
BORED SLIDECOVERSLIP
to  fomi a column. V a s e l in e ,  which i s  o f te n  used f o r  s e a l i n g  c y t o lo g i -  
c a l  p r e p a r a t io n s j  was u n s u i t a b l e  i n  t h i s  in s ta n c e .
A ctinoph rys  was examined in  such p re p a ra t io n s  w ith  a  Z e is s  r e s e a r c h  
m icroscope (S tandard  V/L) w ith  a t tach m en ts  f o r  p h a s e - c o n t r a s t , ÎTomarski 
i n t e r f e r e n c e - c o n t r a s t  or q u a l i t a t i v e  i n t e r f e r e n c e  (c o lo u r  m ic ro sco p y ) .
The le n g th s  o f  axopodia were a sse sse d  u s in g  an eyep iece  m icrom eter o r  by 
measurement from pho tographs  o f  known m a g n i f ic a t io n .  The microscope 
was equipped w ith  an e l e c t r o n i c  ra ic ro f la s h  d ev ice  (Z e is s  bka tron  Uii 60-) 
and a  Z e is s  a t tachm en t camera loaded w ith  Kodak Panatornic X f i lm .  
Kodacolor-X f i lm  was used f o r  c o lo u r  photography.
(^ )  t i i  c rom an ipu la t i  on
Micro e l e c t r o d e  g l a s s  tu b in g  was f i r s t  drawn out in to  a  narrow 
th re a d  by hand, and th en  pulled  out to  a very  much f i n e r  p o in t  ( t i p  
d ia m e te r  approx. 2 j,im) u s in g  a  be Ponbrune m icroforge. These f in e  g l a s s  
n eed le s  were mounted in  a be Ponbrune m icrom an ipu la to r  and used to  bend 
axopodia . The m a n ip u la t io n s  were observed w ith a  Z e is s  in v e r te d  p hase -  
c o n t r a s t  m icroscope ( P la t e  41)• A ctinophrys  were co n ta in ed  in  sm all 
chambers o f  th e  type  d ev ised  by G all  (1954)» These were ma.de by f ix in g  
a c o v e r s l i p  over th e  bottom o f  a ho le  bored  in  a s l i d e .  The c o v e r s l ip  
was he ld  in  p la c e  w ith  embedding wax (F ig .  2 ) .
Axopodia were damaged exp erim en ta lly  by drawing an im als  in t o ,  and 
e x p e l l in g  them from, a narrow  g l a s s  p i p e t t e  s e v e ra l  t im es .  Best r e s u l t s  
were ach ieved  when th e  bore o f  th e  p i p e t t e  was s l i g h t l y  g rea ter  th a n  the  
diam eter o f the A c tin o p h ry s .
( f ) U l t r a - v i ol e t  microbeam i r r a d i a t i o n
Organisms were ir ra d ia ted  w ith  an u l t r a - v i o l e t  microbeam a p p a ra tu s  
( S t a r l i n g Î i n  p r e p a r a t io n ) .  A mercury vapour lamp (Z e iss  Jena 220/HB0p0) 
g e n e ra t in g  u l t r a - v i o l e t  l i g h t  o f  v a r io u s  w avelengths was used as a source.
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T his  passed  a  beam o f  l i g h t  inbo the  in te rm e d ia te  tube  o f  a Z eiss  VIL
microsqope p e rp e n d ic u la r  to  th e  o p t i c a l  a x is .  # ie n  i t  reached the
o p t i c a l  a x i s  i t  was r e f l e c t e d  downwards by a h a l f - s i l v e r e d  m i r ro r .  The
c r o s s - s e c t i o n a l  a re a  o f  the  beam could be v a r i e d .  I t  was c o n t ro l le d
by moving two s l i d i n g  L-shaped p l a t e s  (F ig .  3 ) .  The axopodium to  be
i r r a d i a t e d  was p o s i t io n e d  b e fo re  exposure  by moving th e  m icroscope s ta g e
c o n t r o l s  u n t i l  i t  was under  the  c e n t r e  o f  th e  c ro s s  formed by th e  two
c lo se d  jaws of  the  s l i d i n g  p l a t e s .  In  th e s e  experim en ts  the beam of
u l t r a - v i o l e t  l i g h t  was focussed  down to  a square  o f  s id e  26 pm by a x 32
ï ï l t r a f l u a r  o b je c t iv e .  The r a d i a t i o n  i n t e n s i t y  o f  th e  microbeam v/as o f
the  o rd e r  of 10 ^ ergs/pm ^/sec. The s u r f a c e  a r e a  o f  th e  s id e  o f  th e
2axopodium exposed to  th e  in c id e n t  r a d i a t i o n  was about 83 pm ; hence the
—2dose o f  r a d i a t i o n  each axopodium re c e iv e d  was app rox im ate ly  8 .3  x 10 
e r g s /s e c . This f i g u r e  only r e p r e s e n t s  th e  in c id e n t  r a d i a t i o n  i n t e n s i t y ,  
which may no t correspond  to th e  amount o f  r a d i a t i o n  absorbed by the
axopodium (bendy and Smith, I 964).
When an axopodium s i t u a t e d  f r a c t i o n a l ly  below th e  c o v e r s l i p  was 
b rough t i n t o  focus a r e f l e c t e d  image o f  the  microbeam in  th e  o b je c t  
p lane was observed . T h is  image was a  b lu e  l i g h t  r e f l e c t i o n  from the 
c o v e r s l i p  c u l tu r e  medium i n t e r f a c e .  This  s i t u a t i o n ,  where the  o b je c t  
to  be i r r a d i a t e d  and an image o f  the microbeam were both  v i s i b l e  d u r in g  
the  time of  exposure ,w as on ly  achieved  w ith  ex trem ely  t h i n  hanging drops 
where th e  meniscus h e ld  th e  organism up. c lo s e  to  th e  c o v e r s l i p .  Such
hanging d rops  r a p id ly  d r ie d  out th rough  evaporation so e x t r a  d rops  o f
c u l tu r e  medium were p laced  in  th e  c e l l  to  in c r e a s e  th e  hum id ity  (F ig .  4 ) ,
■' iOrganisms in  p r e p a r a t io n s  o f  t h i s  type  sea led  with s i l i c o n e  g re a s e  o f te n  j
surv ived  fo r  5 hr. . i
■Ii
(jg) Low te m p era tu re :  t r e a tm e nt s  and measurements
Organisms were m a in ta in ed  a t  v a r io u s  low te m p e ra tu re s  (see  T a b le  JX). j
Movement o f  P la t e s  1 and 2 a long  th e  d ia g o n a l  
a x i s  from bottom l e f t  to  to p  r i g h t  in c r e a s e s  
o r  d e c re a se s  th e  c r o s s - s e c t io n a l  a r e a  o f  the 
u l t r a - v i o l e t  microbeam.
FIGURE 4
I l l u s t r a t e s  th e  type o f  p r e p a ra t io n  used f o r  
u l t r a - v i o l e t  microbeam i r r a d i a t i o n  s t u d i e s ,  
A c tinophrys  a re  co n ta in ed  in  the  hanging drop. 
The e x t r a  d rops o f  c u l t u r e  medium in  th e  w ell  
o f th e  d e p re s s io n  s l i d e  in c re a s e  th e  hum id ity  
o f  th e  chamber and p rev en t  l a r g e  r e d u c t io n s  
i n  th e  volume o f  th e  hanging drop th ro u g h  lo s s  
o f  mediura by e v a p o ra t io n .
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TABIiB IT. Î Low te m p era tu re  t r e a tm e n ts
Tempera­
tu r e C o n ta in e r Method o f  c o o l in g Experiment
15°C Small c u l t u r e Gallenkamp cooled The e f f e c t  o f  long­
d is h in c u b a to r term c o o l in g  o f
axopodia
4^0 Ring p r e p a ra ­ C onstant tem pera­ The e f f e c t  o f  low
t i o n s t u r e  room te m p e ra tu re  on
c y to k in e s i s ,
o°c Ring p re p a ra ­ Crushed i c e  in  an The r a t e  o f  recovery
t i o n s expaiided-poly- o f  axopodia a f t e r -'ff
s ty re n e  container co ld  t r e a tm e n t
-2 .5°C Small c u l t u r e Gallenkamp c o o led E le c t ro n  microscopy
d is h in c u b a to r o f  axonemes reg en ­
e r a t i n g  a f t e r  cold
t r e a tm e n t
v a r i a t i o n  in  te m p era tu re o c c u r r in g  in  r in g
■:4;
p r e p a r a t io n s ,  sm all c u l -  h
t u r e s  and s c a l l  volumes o f  g lu ta ra ld e h y d e  f i x a t i v e  was monitored w ith  a
” 3thermocouple c o n s t ru c te d  u s in g  4 x 10 in  diam eter w ire. The ju n c t io n s  
were p repared  u s in g  copper and a nickel-chromium a l lo y  (Sureka w ire ).
The th erm o -e lec tr ic  cu iT en t was m onitored e i t h e r  as a co n tin u o u s  reco rd  
on a s t r i p - c h a r t  r e c o r d e r  (A ssoc ia ted  E le c tr ic a l  I n d u s t r i e s )  o r  by ta k in g  
re a d in g s  a t  timed i n t e r v a l s  from a f ly in g  spo t ga lvanom eter  (Pye Unicam). 
In  b o th  s i t u a t i o n s  th e  in s t ru m e n ts  were c a l i b r a t e d  a g a i n s t  a mercury t h e r ­
mometer im m ediately  b e fo re  each s e r i e s  o f  measurements was made and 
checked ag a in  a f te rw a rd s .
(h) Chemical t r e a tm e n ts
Using l i g h t  m ic ro s c o p ic a l  exam ination  on ly , the  e f f e c t  o f  s e v e ra l  
chem ica ls  on A ctinophrys  was t e s t e d  (see  Table I I I ) .  Y/hen cy to ch a la s in  
B t r e a tm e n ts  a re  made ( C a r te r ,  196?) the su b s tan ce  i s  used a s  a d i s p e r ­
s io n  r a t h e r  th a n  a  s o lu t i o n ;  even in  some o f  th e  low er c o n c e n t ra t io n s  
used here suspended p articles were clearly v is ib le  w ith the m icroscope (App. 2)
TABLE I I I Î The e f f e c t  o f  c e r t a i n chem ica ls
Chemical Source C on c e n t r a t i o n S o lven t
C o lc h ic in e Calbiochem O .l ’jfo C u ltu re  medium
B r i t i s h  Drug 
Houses
o . j f . II It
E.G.T.A. II II 0 . 05- 0 . 2^ II II
C y to c h a la s in  B I . e . I . 0 . 1- 5O C u ltu re  medium t  Di­
m ethyl su lphoxide  
( f i n a l  conc. Di­
m ethyl su lphoxide 
0 .1 # )
( i )  Transm ission  e le c tr o n  microscopy
Actinophrys a t  p a r t i c u l a r  developm ental s ta g e s  were s e le c te d  from 
c u l tu r e s  u s in g  a Z e is s  s t e r e o - b i n o c u l a r  d i s s e c t i n g  m icroscope  and i s o l a t e d  
by hand w ith  f in e ly  draw n-out g l a s s  p i p e t t e s .  They were th en  f ix e d  by 
one of the  two methods o u t l in e d  below.
Method 1 (Tucker, 196?):
Organisms were f ix e d  fo r  30 mins a t  room tem pera tu re  w ith  a  s o lu t i o n  
o f  2»jfo glutaraldehyde ( S a b a t in i  e t  a l . , 1963) and 0.6;^ su c ro se  (C aul­
f i e l d ,  1957) d is s o lv e d  in  a 2 x 10  ^ molar phosphate  b u f f e r  (pH 7 . 8 ).
They were then  washed f o r  12 hr in  s e v e ra l  changes of a  2^ sucrose  
s o lu t io n  and d is s o lv e d  in  th e  phosphate  b u f f e r .  F ix a t io n  fo llow ed i n  a  
s o lu t io n  o f  OsO. ( l ^ )  and sucrose  (4^) d is s o lv e d  i n  phosphate  b u f f e r .
The A ctinophiya were r in s e d  aga in  in  the washing s o lu t i o n  d esc r ib e d  
e a r l i e r  and th en  dehydra ted  and embedded.
Method 2 (Roth e t  a l . , 1970):
This  te c h n iq u e ,  designed  s p e c i f i c a l l y  for  th e  p r e s e r v a t io n  o f  h e l i o -  
zoans,  gave s u p e r io r  g e n e ra l  f i x a t i o n  to  t h a t  o f  Method 1. Unless 
o th e rw ise  s t a t e d ,  e l e c t r o n  m icrographs a re  o f  m a te r i a l  t r e a t e d  in  t h i s  way* 
A s h o r t  p r e fix a tio n  (30 se c )  was c a r r i e d  ou t by add ing  an equa l  
volume of c u l t u r e  medium c o n ta in in g  A ctinophrys  to  a s o lu t i o n  o f
I
9g lu ta ra ld e h y d e  ( l 2# ) ,  MgSO. (2 x 10  ^ M olar)?  and su c ro se  (2 x 10 ^ M olar) 
i n  a  3 ,x 10**"^  M olar phosphate  b u f f e r .  V a r ia t io n  o f  th e  pH o f  th e  b u f f e r  
w i th in  th e  range 6 , 9- 7*6 had no n o t i c e a b le  e f f e c t  on th e  p r e s e r v a t io n .
To t h i s  m ix tu re  o f  c u l t u r e  medium and g lu ta ra ld e h y d e  was added an equal 
volume o f  a  s o lu t io n  o f  OsO^ ( l# )?  MgSO^ (lO ^ M olar)? and sucrose  (lO ^ 
M olar) in  phosphate  b u f f e r  ( l . 5  % 10  ^ M o lar) .  For 20-30 min the A ctino ­
phrys  remained in  t h i s  m ix tu re  which co n ta in ed  s o lu t e s  a t  th e  fo llo w in g  
f i n a l  conc e n t r â t  i  o n s :
G lu ta ra ld eh y d e   ...... 3#
Osmium t e t r o x i d e  0 ,5#
Magnesium s u lp h a te   ...... 10"5 M olar
Sucrose ........ ...... ....................  10"^ M olar
Phosphate b u f f e r   ...... 1 .5  x 10"^ M olar
A ctinophrys t r e a t e d  in  e i t h e r  o f t h e s e  two v/ays were embedded in  
2#  a g a r  p laques  (app rox im ate ly  1 cm i n  d ia m e te r )  using th e  tech n iq u e  o f  
de H a l l e r  et  a l .  (196I ) .  Each a g a r  p laque served to  support and p r o t e c t  
th e  axopodia o f app rox im ate ly  30 organism s e s p e c i a l l y  at th e  s ta g e s ,  from 
d e h y d ra t io n  onwards, when they  were most b r i t t l e .  The a g a r  p laques  were 
handled  in  th e  same way as  a sm all p ie c e  o f  t i s s u e .  They were dehydra­
ted  w ith  e th a n o l  and th e n  immersed in  1 .2  epoxy propane (3 changes? 30 
min eac h ) .  F la t  embedding was accom plished w ith A ra ld ite  us ing  th e  
methods d e sc r ib e d  by L uft ( I 96I )  and Borysko (1956). The a g a r  p laques  
were t r e a t e d  w ith  an epoxy p ro p a n e /A ra ld i te  m ix tu re  (2 p a r t î l  p art, r e ­
s p e c t iv e ly )  f o r  3 h o u rs .  A f u r t h e r  3-hour t re a tm e n t  was g iven  in  which 
th e  r a t i o  o f  epoxy propane to  A r a ld i t e  was r e v e r s e d .  T h is  p ro cess  
f a c i l i t a t e d  th e  p e n e t r a t i o n  of th e  A r a ld i t e  embedding medium. The 
p laques  were th en  p laced  i n  th e  f i n a l  embedding m ix tu re  which c o n s is te d  
o f  27 : 23:1  p a r t s  by volume o f  A r a ld i t e ,  hardener? , and a c c e le r a to r ?  r e ­
s p e c t iv e ly .
A s l i g h t  a d a p ta t io n  o f  the  above p rocedu re  was used during  th e  
f i x a t i o n  and embedding o f  c y s t s  which were o ften  damaged when p i p e t t e s  
were used to  l i f t  them f r e e  from th e  bottom o f  P e t r i  d i s h e s .  In  t h i s
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in s ta n c e  th e  c y s t s  were f ix e d  i n  situ ?  s t i l l  a t ta c h e d  to  th e  bottom o f  
t h e  d i s h .  A f te r  f i x a t i o n  a t h i n  l a y e r  o f  2# ag a r  was poured over th e  
c y s t s .  E ar ly  in  the  d e h y d ra t io n  p ro c e ss  t h i s  a g a r  shrank around the 
c y s t s .  The ag a r  was th e n  pee led  f r e e  from th e  d i s h  ta k in g  th e  c y s ts  
w ith  i t .  The l a y e r  o f  a g a r  was then c u t  in to  sm aller  p ie c e s  ( sq u ares  
o f  s id e  about 2 cm); t h i s  f a c i l i t a t e d  th e  p e n e t r a t i o n  o f  th e  embedding 
r e s i n .  The a g a r  sq u a re s  were th e n  t r e a t e d  as d e s c r ib e d  above.
A f te r  embedding? in d i v id u a l  organism s a t  the re q u i re d  developm ental 
s ta g e  were s e le c te d  f o r  s e c t io n in g  by in s p e c t io n  with a p h a s e - c o n t r a s t  
m icroscope . A f te r  r e o r i e n t a t i o n ?  i f  t h i s  was n ecessary , b lo c k s  were 
mounted on A r a ld i t e  pegs and th en  t r in m e d . F in a l  trim m ing o f  th e  face  
o f th e  b lo c k  was c a r r i e d  ou t w ith  g l a s s  k n iv e s  on an L.K.B, U ltra tom e I I I  
by c u t t i n g  " th ic k "  ( l  ;om) s e c t i o n s .  These were s ta in e d  w ith  M ethylene 
Blue (M ullingar? I 964) and examined u s in g  b r ig h t  f i e l d  i l l u m i n a t i o n .
Under th e s e  c o n d i t io n s  th e  n u c le i  and two d i s t i n c t  l a y e r s  o f  cytoplasm d
could  be d i s t i n g u i s h e d .  These were used as i n d i c a t o r s  o f  p o s i t i o n  w i th in  
the  c e l l  f o r  th e  t h i n  s e c t io n in g  t h a t  fo llow ed .
Thin s e c t io n s  were p icked  up on copper g r i d s  coa ted  w ith  Fozmvar and 
evapo ra ted  carbon f i lm s .  S e c t io n s  were double s ta in e d  w ith  u ra n y l  a c e t ­
a t e  (Gibbons and Grimstone? I960) f o r  9^ min fo llow ed by lead  c i t r a t e  
(Reynolds? 1963) f o r  5 min. S e c t io n s  were viewed in  a  Siemens Slmiskop I  
o p e ra ted  a t  60 o r  80 kV w ith  a 50 o b je c t iv e  a p e r t u r e .  The specimen 
chamber was cooled  w ith  l i q u i d  n i t r o g e n  by means o f  a  "co ld  f i n g e r " .
E le c tro n  m icrographs were ta k e n  on I l f o r d  3vi4 p l a t e s  a t  m a g n if ic a t io n s  
between 2?000 and 40 ,000  t im es .  *1
A d e n s i to m e te r  (Joyce Loebl, Chromoscan) was used to  scan p o s i t i v e  A
t r a n s p a r e n c ie s  p rep a red  from p l a t e  n e g a t iv e s  of s e c t io n s  th ro u g h  n u c le a r  
enve lopes .
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( j )  Scanning e l e c t r o n  microscopy
.G lass c o v e r s l i p s  were p laced  on th e  bottom of a P e t r i  d ish  con­
t a i n i n g  a m o n th - o ld - s t a r v in g - c u l tu r e .  V.hen Actino-phrys had s e t t l e d  and 
encysted  the  c o v e r s l i p s  were ta k en  and fix e d  in  a 6$^  g lu ta ra ld e l iy d e  
s o lu t io n  (see  §1 above) f o r  1 h r .  To remove th e  o u te r  j e l l y - i i x e  c o a t in g  
over  th e  c y s t s  th e y  were t r e a t e d  f o r  10 min w ith d i l u t e  s u lp h u r ic  a c id .  
Follow ing t h i s  they  were dehydra ted  in  a graded e th a n o l  s e r i e s  (lO min 
each s o l u t i o n ) .  The e th a n o l  was r e p la c e d  by d i e t h y l  e t h e r  in  4 s ta g e s  
d u r in g  which th e  r a t io  o f  th e  2 s o lu t i o n s  was 1*3, 2 :2 ,  3:1  and 4 :0  
r e s p e c t i v e l y .  The c y s t s  were th en  l e f t  to  a ir -d ry  i n  th e  p resence  o f  a 
d e s s i c a n t  (PgO ) f o r  24 h r .  The upper  s u r fa c e  o f  th e  c o v e r s l i p s  b e a r in g  
the  c y s t s  was coated w ith  two co n se c u t iv e  l a y e r s ;  th e  f i r s t  (carbon) was 
app rox im ate ly  20 m  th i c k  and th e  second ( 40^ go ld -pallad ium ) was 30 na 
t h i c k  (Johnson M atthey l l e t a l s j  L td . ,  H atton  G arden,Lendon) .  The g o ld -  
pa l lad ium  was evaporated from a tu n g s te n  filam ent i n  a  vacuum c o a t in g  
u n i t  (Edwards High Vacuum L td . )  a t  between 5 x 10 ^ and 5 x 10  ^ to r r  
(H a rr is  e t  a l . , 1972). The c o v e r s l i p s  were f ix ed  to  aluminium s tu b s  w ith  
Uhu g lue  and th e  to p  s u r f a c e  was e a r th e d  to  the  s tub  w ith a small drop o f  
conduc t ing  p a in t  (Ml94 c o l l o i d a l  s i l v e r ,  P o la ro n ,  London). Specimens 
were viewed a t  a c c e l e r a t i n g  v o l ta g e s  o f  15 kV vdth  a scann ing  speed o f  
50/ s e o  in  a  S te reo sca n  600 (Cambridge S c i e n t i f i c  In s t ru m e n ts ,  L td . ,  
Fhg land).  Scanning e l e c t r o n  m icrographs  were made on I l f o r d  ÎP 4 f i lm .
CHAPTER I  
THE STRUCTURE CF ACTIN0PHRY8 SOL
I n t r o d u c t io n
This  account g iv e s  a  c o n c ise  d e s c r ip t io n  o f  th e  s t r u c t u r e  o f  the  
encysted  and t r o p h i c  forms o f  th e  i n t e r f i s s i o n  organisai.  Many o f  the  
l ig h t- rn ic ro sc o p e  o b s e rv a t io n s  p re sen te d  a r e  co n f irm a tio n  o f  work p e r ­
formed by B e la r  (l923)* S ince  h i s  work was completed w ith o u t  the 
advantage o f  p h a s e - c o n t r a s t  and Nomarski i n t e r f e r e n c e - c o n t r a s t  o p t i c a  th e  
d e s c r ip t io n  p resen te d  con firm s  and ex tends  h i s  o b s e rv a t io n s .
Short papers  by H itc h in g  and h i s  c o l le a g u e s  (H itch in g , 1364: Mac­
donald and H itc h in g ,  1367’) in  the  1360s f i r s t  d e sc r ib e d  the  f i n e  stru ctu re  
of A ctinqphrys and re v e a le d  th e  m ic ro tu b u la r  com position o f th e  a x i a l  rods  
( th e  axonemes) which su p p o r t  th e  o rg an ism 's  r a d i a t i n g  exopodia .  The 
p re s e n t  s tudy  i s  more com plete ,  and r e v e a l s  g r e a t e r  d e t a i l ,  than 
H i t c h in g 's  s tu d ie s ,  p robab ly  as  a r e s u l t  o f  improvements to  e l e c t r o n  
m icroscope technique which have taken p la c e  over  th e  decade.
T h is  i s  not an e x h a u s t iv e  s t r u c t u r a l  s tudy ; i t  i s  a  n e c e ssa ry  
in t r o d u c t i o n  to  the  developm ental and ex p er im en ta l  work which fo l lo w s .
R e s u l t s
( a ) G eneral o r gani s a t i on o f trophic  . _ A n o p k r y s
The s t r u c t u r e  o f  t r o p h ic  A ctinophrys  seen with the  compound m icro­
scope i s  simple and has  been  w ell documented (B e la r ,  1323). The c e l l  
body i s  s p h e r ic a l  (about ^0  pn i n  d ia m e te r )  and c o n ta in s  a s in g le  c e n t r a l
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n u c leu s  (about 10 in  d iam eter). The cytoplasm  i s  d iv id e d  in to  concen­
t r i c  la y e rs;  th e  endoplasm appea rs  more compact th a n  th e  p e r ip h e r a l  
ectoplasm  which i s  h ig h ly  v a c u o la te d .  The s u r fa c e  o f  th e  c e l l  o f te n  
b e a r s  a  s u p e r f i c i a l  b le b  ( f r o n t i s p i e c e ) ,  the  c o n t r a c t i l e  v acu o le .
P ro jectin g  r a d i a l l y  from the c e l l  a r e  numerous t h i n ,  f i n e l y - t a p e r i n g  
axopodia o f v ary in g  le n g th s  ( P la t e  l ) .  Some axopodia exceed I 50 pm in  
l e n g th  and lo n g e r  axopodia  u s u a l ly  have g r e a t e r  d ia m e te rs  a t  t h e i r  b a se s  
than  short ones, Even in  the  case  o f  lon ger axopodia  the  d ia m e te r  a t  th e  
base  r a r e l y  exceeds 3 pm.
C e r ta in  o b s e rv a t io n s  (C hapter  VI) shov/ t h a t  th e  t h i c k e r  b a s a l  p o r -  , 
t i o n s  o f  axopodia a r e  more r e s i s t a n t  to  c e r t a i n  p h y s ic a l  and chem ical 
t r e a tm e n ts  th a n  th e  d i s t a l  p a r t s .  The axopodia of Bchinosphaerium (Roth 
and Shigenaka, 1970) a r e  s i m i l a r  to  th o se  o f  A ctinophrys  i n  t h i s  r e s p e c t .
Each axopodium c o n ta in s  a  c e n t r a l  rod c a l le d  an axoneme. Axonemes 
extend down in to  the  c e l l  body and te rm in a te  a t  th e  n u c le u s .
(b) Fj.ne s t r u c t u r e  o f  t r o p h ic  A c t i n o p h r y s
T ran sv e rse  s e c t i o n s  th ro u g h  axopodia r e v e a l  th e  "double po lygona l 
s p i r a l  arrangem ent" o f  m ic ro tu b u le s  (H a r r i s ,  1970) which compose th e  
axonemes (P lates 4 ) 6 ) .  T his  p a t t e r n  o f  m ic ro tu b u le s  has  been dem onstra ted  
p re v io u s ly  in  A c t inophrys and Echinosphasriurn (H itch ing, 1964; T i ln e y  and 
P o r t e r ,  1965) b u t  i s  n o t  in v a r ia b ly  p re s e n t  (P la t e  7)* The axonemes a re  
d iv id ed  in t o  12 s e c to r s  ( P l a t e  4)« I n d iv id u a l  m ic ro tu b u le s  i n  one turn  
of  the  s p i r a l  may bo l in k e d  to  two, o r  f o u r ,  o th e r  tu b u le s  by long c r o s s -  
lin lcs  and to  two o th e r  tu b u le s  by sh o r t  c r o s s - l i n k s  (F ig , 5 ) * C ross ­
l i n k s  between tu b u le s  in  a d ja c e n t  turns o f  th e  s p i r a l  a r e  always long .  
C r o s s - l in k s  between a d ja c e n t  tu b u le s  in  th e  same t u r n  o f  th e  s p ir a l are  
always s h o r t  (P la t e  4)* These s h o r t  c r o s s - l i n k s  may be a, double s t r u c t ­
u re  which can be re so lv e d  in t o  two c l o s e l y  a d ja c e n t  l i n k s  (Roth e t  a l . , 197C).
Both ty p e s  o f  c r o s s - l i n k  a r e  e i t h e r  ab sen t  o r  i n d i s t i n c t  i n  axonemes
1
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FIGUR3_5
' " 4A d la jra in  o f  a t r a n s v e r s e  s e c t io n  th rough  an axoneme.
For convenience only  long  c r o s s - l i n k s  between micro-- %
tu b u le s  a re  shown. S ho rt  c r o s s - l i n k s  (no t  shown) l i e  |
between a d ja c e n t  m ic ro tu b u ls s  in  the  same tu rn  o f  (d
each s p i r a l .  The axoneme i s  d iv ided  in to  12 s e c to r s .  |
3 o f  th e s e  s e c to r s  (a.) i l l u s t r a t e  the  arrangem ent o f  
long c r o s s - l i n k s  proposed on t h e o r e t i c a l  grounds by 
H a r r i s  ( 197O). A ccording to  th e  e l e c t r o n  rn ic ro sc o p is ts  
McDonald and H itc h in g  ( 1967) end xi. Iney  and Dyers 
(1969) th e  p a t t e r n  i s  t h a t  shown in  th e  3 s e c to r s  
l a b e l l e d  B.
I
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of organisms fix ed  by Method 1. The p a t t e r n  o f  axonemes t r e a t e d  i n  t h i s  
way i s  a l so  l e s s  p r e c i s e  th a n  t h a t  o f  axonemes f ix e d  by Method 2. T h is  
i s  c o n s i s t e n t  w ith  the  h y p o th e s is  t h a t  th e  p a t t e r n  of m ic ro tu b u le s  i n  the  
axoneme o f  Schinosphæid.iun i s  de f ined  by the  -p o s it io n  o f  th e  c r o s s - l i n k s  
(T iln ey  and Byers, 1969). T ransverse  s e c t io n s  o f  axonemes f ix e d  by 
Method 1 c o n ta in  many C-shaped p r o f i l e s  where m ic ro tu b u le s  appear to  have 
s p l i t  open (P la t e  $ ) .
Axonemes a t t a c h  a t  t h e ir  b ases to th e  n u c le a r  envelope (H itch ing  and
Graggs, 1965). No s t r u c t u r a l  m o d i f ic a t io n  i s  re so lv ed  in  th e  n u c le a r
envelope lo c a l i s e d  a t  th e  s i t e  o f  axoneme a t tach m en t.  The n u c le a r  
envelope i s  f l a t t e n e d  where axonemal m ic ro tu b u le s  t e rm in a te  on i t  with  
t h e i r  ends p r e c i s e ly  in  r e g i s t e r  w ith  one a n o th e r  ( P la t e  2 ) .  The n u c le a r  
envelope has  a s tepped  c o n f ig u r a t io n  ( P la t e  8) in  a few c a s e s  where one
group o f  tu b u le s  in  an axoneme i s  d is p la c e d  tow ards th e  c e n t r e  o f  th e
organism w ith  r e s p e c t  to  th e  o th e r .
A part from la rg e  axonemes which o f te n  c o n ta in  more than 200 m ic ro -  
tu b u le s ,  t h e r e  a r e  numerous s m a l le r  g roup ings  of tu b u le s  which are  
a rranged  in  a  s im i la r  p a t t e r n  ( P la te  12 ) .  These sm all axonemes a r e  n o t  
always long  enough to  p r o j e c t  in to  axopodia b u t  o ften  ap p ea r  to  be 
a t ta c h e d  at t h e i r  b a s e s  to  th e  n u c le a r  envelope. I t  i s  p o s s ib le  t h a t  a l l  
axonemes a re  a t ta c h e d  t o  th e  n u c le a r  envelope . S in g le  tu b u l e s ,  sm all  
groups o f  tu b u le s ,  and axonemes, a r e  almost in v a r i a b ly  r a d i a l l y  o r ie n te d  
(P la te  1 2 ).
In  c o n t r a s t  to  th e  f in d in g  o f  T ilney  and P o r t e r  (1965), who examined 
Ech inosphm rlurn, i t  ap p ea rs  that the  b i l a t e r a l  axes  o f  symmetry o f  t r a n s ­
v e r s e  s e c t i o n s  th rough  a d ja c e n t  axonemes a r e  no t always p a r a l l e l  in  
Ac t in o p h ry s (P la t e  1 2 ) .  Although axonemes and axopodia  seem to  be  f a i r l y  
evenly  d i s t r i b u t e d ,  th e r e  i s  no obvious o v e r a l l  p a t t e r n  o r  r e g u la r  spacing  
o f  them .
W’len  s e c t io n s  a r e  c u t  p e rp e n d ic u la r  to  th e  s u r f a c e  o f  th e  n u c le i  o f
%
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organism s f ix ed  by Method 1 an unusual s u b s t r u c tu r e  i s  r e v e a le d  (P la te  3)*
The n u c l e a r  envelope i s  o f  a ty p e  which a p p a re n t ly  has  n ev e r  p re v io u s ly  
.been d e s c r ib e d .  I t  d i f f e r s  from oth er n u c le a r  envelopes  because  i t  con- di
t a i n s  two e x t r a  e l e c t ro n -d e n s e  l a y e r s .  O p tic a l  d e n s i to m e te r  scans M
ac ro s s  h ig h ly  m agnified  p o s i t i v e  t r a n s p a r e n c ie s  dem onstra te  t h i s  con- 
v in c in g ly j  they  a lso  show t h a t  th e  tv/o in n e r  l a y e r s  s ta in  l e s s  d ense ly  
th a n  th e  two o u te r  l a y e r s  ( i f g .  6 ) .  N uc lea r  p o res  a r e  found commonly in  
th e  envelope and u s u a l ly  appear t o  be f i l l e d  w ith  d en se ly  s t a i n in g  m a te r ­
i a l  ( P la t e  3 ) .  At th e  edges o f  th e  p o re s ,  where th e  two o u te r  l a y e r s  o f  
th e  envelope come to g e th e r ,  th e  two in n e r  l a y e r s  a l s o  ap p ea r  to  fu s e ,  3
T h is  f r e q u e n t ly  g iv es  th e  im p ress io n  t h a t  t h e r e  i s  an envelope w ith in  an '10
envelope . A broad e le c t ro n -d e n s e  band of m a te r ia l  l i e s  w ith in  the  J
nuc leus  adjacent to  th e n u clear envelope (P la t e s  67 , 7^ and 73).  Ander- 
son and Beams (196O) have d iscu ssed  th e  com position  o f  a band in  a  s i m i l a r  
p o s i t i o n  in  th e  n u c le i  o f  Echinosph&grium. They sugges ted  th a t  i t  was 
composed o f  " m u l t i - n u c l e o l i " .
The endoplasm c o n ta in s  s e v e ra l  ty p e s  o f  membrane-bounded v e s i c l e s .
These can be e l e c t r o n - l u c e n t  or may c o n ta in  f a i n t l y  s t a i n i n g  amorphous 
m a te r i a l  ( P la t e  12 ) .  One type o f  th e s e  v e s i c l e s  occu rs  th roughou t th e  
cy toplasm . They c o n ta in  g r e a t e r  amounts o f  dense m a te r i a l  th e  n e a r e r  
th e y  a r e  to  th e  c e l l  s u r f a c e .  V e s ic le s  of t h i s  type a t  the c e l l  s u r fa c e  
a re  termed h a p to c y s t s  ( P l a t e s  6, 7 )*
Coated v e s i c l e s  ( P la t e  12) a r e  a common component o f  th e  endoplasm; 
a p p a re n t ly  they  a re  o c c a s io n a l ly  connected to  Golgi b o d ie s .  This o b se r ­
v a t io n  i s  c o n s i s t e n t  e i t h e r  v/ith th e  theory t h a t  coa ted  v e s i c l e s  are 
t r a n s p o r t i n g  p ro te a s e s  to  food v a c u o le s ,  o r  t h a t  they  a re  s e g re g a t in g  
m a te r i a l  fo r  t r a n s p o r t  to  th e  forming h a p to c y s t s  (see  T i ln e y  and P o r te r ,
1965).
L ip id  d r o p le t s  which are not membrane-bounded a r e  o cc a s io n a lly  
p r e s e n t .  They l i e ,  as  H i tc h in g  (1964) has  s t a t e d ,  a t  the  l e v e l  o f  th e  j
_ ... . .  fi.  ^ _    _ ^ ' n. - . . . . .  _ * ' • .... _ ..... J. . * i   ^ _ . . . .  '■ .—.**•* *. -  ^ '•(.s.'. I.
FIGURE 7
I l l u s t r a t e s  th e  l i f e  c y c le  o f  Ac t in o p h r y s . The 
sexual and r e s t i n g  phases  ta k e  p la ce  w ith in  a 
c y s t  wh'Jch i s  n o t  shown. No e s t im a te  i s  g iven  
f o r  th e  d u ra t io n  o f  th e  c o lo n ia l  phase o f  the  
l i f e  c y c le  as i t  ap p ea rs  to  be ex trem ely  
v a r i a b l e .
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ju n c t io n  between th e  endoplasm and ec to p lasm , Axonemal v e s i c l e s  (Roth 
e t  a l . , 1970) a re  commonly .found clumped n e a r  axonemal m ic ro tu b u le s ;  th e y  
a re  rough ly  s p h e r ic a l  b o d ie s  about 80 nra i n  d ia m e te r ,  which appear  to  be 
formed from t i g h t l y  fo ld ed  membranes o r  f i l a m e n t s  (P la t e s  63, 67) .  In  
th e  even t t h a t  they a r e  membranes, th ey  d i f f e r  from normal u n i t  membranes 
because  only  a s in g le  dense l a y e r  i s  sometimes p r e s e n t .
Large e l e c t r o n - l u c e n t  vacuo les  (F ig .  76 ) ,  which a r e  bounded by u n i t  
membranes, occupy most o f  t h e  ec top lasm . M itochond ria  w ith  t u b u l a r  
c r i s t a e  a r e  s i t u a t e d  th roughou t th e  ec top lasm  in  th e  t h i n  s t r a n d s  o f  
cytoplasm between th e  la rg e  v acu o le s .  They a r e  a l s o  found in  axopodia 
( P la te  84 ) and i n  th e  band o f  endoplasm which b o rd e rs  th e  ectoplasm  ( P la t e  
7 0 ). M itochond ria  do n o t  occur in  a  broad endoplasmic l a y e r  a d ja c e n t  to  
th e  n u c leu s  (P la t e  12 ) .
H ap tocys ts  a re  about O.5  urn in  d ia m e te r .  They c o n ta in  dense ly  
s t a i n in g  m a te r i a l ,  a r e  found in  l a r g e  numbers a t  the s u r f a c e  o f  the  c e l l ,  
and in  the  axopodia ( P l a t e  6 ) .  The dense  g ra n u le s  w i th in  th e  v e s i c l e s  
a r e  v a r i a b l e  in  shape, and o f t e n  f i l l  on ly  h a l f  o f  each v e s i c l e .  The 
h a p to cy s t  v e s i c l e s  a r e  p ro b ab ly  invo lved  in  food c a p tu r e ,  because  when 
th e y  a r e  ru p tu re d  by f i x a t i o n  th e  dense m a te r i a l  i s  e x p e l le d  and appears  
to  become a  f lo c c u le n t  mass. This  f l o c c u l e n t  m a te r i a l  could  form the  
t h i n  s t r a n d s  seen  w ith  the  l i g h t  m icroscope w5iich cause  s t r u g g l in g  prey 
organism s to  adhere to  axopodia . These v e s i c l e s  a re  a p p a re n t ly  ana logous 
yd th  th e  h a p to c y s t s  o f  c e n t r o h e l id a n s ,  a n o th e r  h e l io z o a n  fam ily  (B ard e le ,  
1970) '  However, u n l ik e  the  h a p to c y s ts  of th e  c e n t ro h e l id a n  A can th o c y s t is  
(Roby, 1972) th e  v e s i c l e s  in  A ctinophrys  have no v i s i b l e  s u b s t r u c tu r e .
(c )  En c y s te d  A c t i n o p h r y s
The sexual and r e s t i n g  phases of th e  l i f e - c y c l e  o f  A ctinophrys  
(F ig .  7 ) tak e  p la c e  w i th in  a c y s t ,  which i s  rough ly  s p h e r i c a l  (about 40 
in  d ia m e te r ) ,  and i s  o f t e n  a t ta c h e d  to  th e  b a se s  o f  c u l t u r e  d is h e s  by a
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t r a n s p a r e n t  g e la t in o u s  m a t e r i a l  (B e la r ,  1923) (P la t e  11 ) .  The p a r t s  o f  
th e  c y s t  which r e p re s e n t  th e  c e l l  body o f  th e  t r o p h ic  organism a re  s t i l l  
• recogn isab le  w i th in  fo u r  c o n c e n t r ic  l a y e r s  o f  m a t e r i a l .  In  o rd e r ,  
s t a r t i n g  w ith  the  outerm ost lai"e;c, th e s e  a r e  th e  o u te r  la y e r , th e  i n t e r ­
m ed ia te  zone , th e  o u te r  zygo te  w a ll , and th e  i n ne r  zygo te  w a ll  (F ig . S ) .
The o u te r  l a y e r  i s  abou t 2 th i c k  and i s  h ig h ly  r e f r a c t i l e .  I t  
appea rs  to  be c o n s tru c te d  from sm all f l a t  p l a t e s .  The lo n g e s t  d im ension 
o f  th e se  p l a t e s  i s  about 2 pm; th e y  a re  about 0 .5  ;im t h i c k .  They l i e  
2 o r  3 deep in  a  l a y e r  overlapping each o th e r  l i k e  haphazardly placed 
t i l e s .  Scanning e l e c t r o n  m icrographs show th a t  th e  f l a t  p l a t e s  have 
i r r e g u l a r l y  shaped edges ( P la t e  10). The o u te r  la y e r  i s  r e s i s t a n t  to  
prolonged (24 h r )  t r e a tm e n t  w ith  5O70 s u lp h u r ic  a c id ;  i t  i s  probably 
s i l i c e o u s .  This  i n t e r p r e t a t i o n  i s  supported  by th e  b r i t t l e  nature o f th e  
m a te r i a l  vdiich o f te n  appea rs  to  have s h a t t e r e d  d u r in g  s e c t io n in g  ( P la te  9 ) « 
The in te rm e d ia te  zone i s  abou t 10 urn th i c k .  I t  i s  t r a n s p a r e n t  when 
examined w ith  bo th  th e  l i g h t  and e l e c t r o n  m icroscopes .  I t  i s  c ro ssed  by 
a sm all number o f  s t r a n d s  o f  dense m a te r i a l  (O .l  pm th i c k )  which appear  to  
b ind th e  o u te r  l a y e r  t o  th e  o u te r  zygote  w a l l .  These s t r a n d s  may t h e r e ­
fo re  g ive  support to  th e  o u te r  l a y e r .  Two l a / e r s  make up th e  z y g o te w a l l . 
T ogether  th ey  a re  about 1 pm th i c k .  The o u te r  zygote w a ll  i s  s l i g h t l y  
l e s s  dense th an  th e  in n e r  zygote  w all ( P la t e  9 ) «
The c e l l  body, which r e p re s e n t s  th e  c o n te n ts  o f  th e  c o p u la t io n  c y s t  
d e sc r ib e d  by B e la r  ( 1923), can be r e s o lv e d  in to  an o u te r  cy top lasm ic  r e g io n  
and an in n e r  n u c le a r  r e g io n . The n u c le a r  reg ion  i s  rough ly  s p h e r i c a l  
(about 10 pm in  d ia m e te r ) ,  homogeneous, and of  medium d e n s ity . No n u c l e a r  
envelope can be d i s t i n g u i s h e d .  The cy top lasm ic  r e g io n  i s  "packed" w ith  
sm all sp h e re s  (about 1 pm in  d ia m e te r ) .  Each has a c e n t r a l  region  (O .5 
in  d ia m e te r )  which s t a i n s  l e s s  d en sely  than i t s  periphery. These sp h eres  
a re  s e t  in  a  m a tr ix  which c o n ta in s  e l e c t r o n - t r a n s p a r e n t  r e g io n s  (about
FIGURE 8
A diagrajn o f  a  s e c t io n  through, a n ‘encys ted  
Act i n o phr y s . The s e c t io n  i s  p a r a l l e l  to  th e  
p la n e  o f  th e  s u r fa c e  to  which th e  c y s t  was 
a t ta c h e d  a t  the  l e v e l  o f  th e  c y s t ’ s n u c l e a r  
reg io n .
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100 am in  d ia m e te r)  which a r e  most common a d ja c e n t  to  th e  sm all spheres  
and th e  zygote  w a l l  ( P l a t e  9)*
I)j sous s i  on
(a )  Axonemal p a t t e r n
The p a t t e r n  o f axonemal micro tu b u le s  and c r o s s - l i n k s  in  Aotinophriy'S 
and Eohi.nosphggrium i s  a p p a re n t ly  i d e n t i c a l .  The h ig h ly  o rdered  n a tu re  o f  
th e  a r r a y  has a t t r a c t e d  much a t t e n t i o n ,  and many a u th o rs  have a ttem pted  to  
d e s c r ib e  and e x p la in  th e  fo rm a tio n  o f  th e  system as  a " c r y s ta llisa t io n "  in  
s e l f - a s s e m b ly  te rm s ( P o r t e r ,  1966; T i ln ey  and Byers , 1969). The p a t t e r n  
o f  long  c r o s s - l i n k s  proposed on t h e o r e t i c a l  grounds by H a r r i s  ( l970) i s  
d i f f e r e n t  from th e  p a t t e r n  suggested  by e l e c t r o n  rn ic ro s c o p is ts  ( ? ig .  5 ) .  
A ccording to  McDonald and K itch ing (1967) ,  and T iln e y  and Byers (l9& 9); 
only those  tu b u le s  a t  s e c to r  i n t e r f a c e s  (E ig . 5 ) bear two long  l i n k s  which 
a t t a c h  to  tu b u le s  in  the  n ex t  ou te im os t  s p i r a l .  Conformations such as  
th o se  found in  Ac t in o p h ry s  ( P la t e  4 ) and Ech inos  pbarium (Roth e t a l . ,
I 97Û; P ig .  5 ) a re  t h e r e f o r e  expected  acc o rd in g  to  e a r l ie r  th e o r i e s  
because  th e  tu b u le s  invo lved  a re  p laced  a t  s e c to r  i n t e r f a c e s .  S im i la r  
V-shaped p r o f i le s ,  o f  two long c r o s s - l i n k s ,  should be a t ta c h e d  to every 
m ic ro tu b u le  accord ing  to  H a r r i s ' s  ( l9 7 0 )  model. However, m icroscopy 
i n d i c a t e s  t h a t  th e s e  conform ations a re  n e v e r  found a t ta c h e d  to  m icro­
tu b u le s  s i t u a t e d  v /i th in  s e c to r s .
H arris ( l970) q u e s t io n s  th e  e x i s t e n c e  o f  th e  s h o r t  l in k s  o r i g i n a l l y  _ 
p o s tu la te d  by McDonald and K itc h in g  (1967) .  He does so on th e  grounds 
t h a t  t h e i r  p resence  i s  apparently n o t  r e q u i re d  to  m a in ta in  th e  s t r u c t u r a l  
i n t e g r i t y  o f  th e  axoneme. However, th e ir  appearance in  r e c e n t  m icro ­
g raphs  i s  q u i t e  c o n s i s t e n t ,  and th e  m orpholog ica l ev idence  fo r  t h e i r  
e x i s t e n c e  i s  a t  l e a s t  a s  s t ro n g  a s  i t  i s  fo r  th e  long l i n k s  (Roth e t  a i . ,
‘ H
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1970)" One p o s s i b i l i t y  t h a t  has  no t been cons idered  i s  t h a t  th e  s h o r t  
l i n k s  a re  re q u ire d  in  a  p ro c e ss  o f  s e m i-c o n se rv a t iv e  r e p l i c a t i o n  o f  
axonemes and t h e i r  p a t t e r n .  I t  i s  known t h a t  new axonemes a re  formed 
because  succeed ing  g e n e ra t io n s  o f  Actinophrys b e a r  as  many axopodia as 
t h e i r  p re d e c e ss o rs .  However, to  d a te ,  n o th ing  i s  known o f th e  way in  
which t h i s  o ccu rs .  The p ro c e s s  o f  axoneme r e p l i c a t i o n  might proceed in
th e  fo l lo w in g  way. An u n s p e c i f ie d  su b s tan ce  may b re a k  down long  c r o s s ­
l i n k s .  I f  th e  sh o r t  l in k s  a re  no t s e n s i t i v e ,  o r  a re  much more r e s i s t a n t  
to  i t s  a c t io n  so t h a t  th ey  remain when th e  long l i n k s  a r e  d e s tro y e d ,  th e  
two s p i r a l s  o f  th e  axoneme would be e f f e c t i v e l y  uncoupled . In  c e r t a i n  
c a s e s ,  random o r  non-random movements could s e p a ra te  th e  two s p i r a l s .
Each o f  th e  sep a ra ted  s p i r a l s  could  th e n  a c t  as  a  te m p la te  f o r  th e  accumu­
l a t i o n  o f  newly formed o r  form ing m ic ro tu b u le s  when s u i t a b l e  c o n d i t io n s  
f o r  lo n g - l i i ik  fo rm a tio n  retu rn . In t h i s  way two new axonemes would be 
form ed.
C e r ta in  o b s e rv a t io n s  su p p o r t  t h i s  th e o ry .  Because th e  s t r u c t u r e  o f  
th e  two ty p e s  o f l i n k  i s  d i f f e r e n t  t h e i r  com para tive  r e s i s t a n c e  to  v a r io u s  
demiaging in f lu e n c e s  i s  a l s o  l i k e l y  to  be d i f f e r e n t .  The su g g e s t io n  th a t  
only p a r t i c u l a r  p a r t s  o f  axonemes may be  broken  down i s  no t unreasonable  
because  c e r t a i n  r e s u l t s  (C hap te r  I I I )  show t h a t  r e s t r i c t e d  p a r t s  o f  th e  
axonemes o f  Actin o p h ry s  a r e  b roken  down a t  a s ta g e  p rio r  to  c e l l  d i v i s i o n .
A s im i l a r  s i t u a t i o n  has  been r e p o r te d  where old  m ic ro tu b u la r  feed in g
o rg a n e l le s  a re  broken  down in  the  c i l i a t e  H assu la  (Tucker, I 97O). In
Ith e s e  two ca se s  i t  i s  not c l e a r  w hether b o th  the  m ic ro tu b u le s  and th e  î
ic r o s s - l i n k s ,  o r  j u s t  th e  c r o s s - l i n k s ,  a re  broken  down. whichever p roves  j
to  be th e  case  t h e r e  seems l i t t l e  doubt t h a t  s t r u c t u r a l  p r o t e i n s  a re  |
o f te n  b roken  dowi a t  s p e c i f i c  t im es  and a t  r e s t r i c t e d  s i t e s .  |
T h is  th e o ry  f o r  axoneme r e p l i c a t i o n  i n d i c a t e s  a  fu n ction  f o r  th e  
s h o r t  l in J t s ,  namely m ain tenance o f  th e  i n t e g r i t y  o f  s in g le  s p i r a l s  w h i l s t  -i
they  a r e  s e p a r a te .  One obvious p r e d i c t i o n  which can be made from t h i s
’’S
-  20 -
th e o ry  i s  t h a t  sm all g roups o f  tu b u le s  should e x i s t  which have a s in g le  
row o f  m ic ro tu b u le s . Such g roup ings  occu r  in  A ctinophrys ( P l a t e  12) b u t  
have so f a r  n o t  been r e p o r te d  f o r  o th e r  h e l io z o a n s .
(b )  C -m ioro tubu les
Do C -m icro tubu les  p re s e n t  a r t e f a c t s  produced by th e  s p l i t t i n g  o f  
m ic ro tu b u le  w a lls  d u r in g  f i x a t i o n ,  o r  do th ey  r e p re s e n t  a  r e a l  phase i n  
n a tu re , l ly  o cc u rr in g  b reeled own or assembly o f  m ic ro tu b u le s  (Cohen and G o t t ­
l i e b ,  1971)7 The p re sen ce  o f  C -m ic ro tubu les  in  axonemes a f t e r  f i x a t i o n  
by Method 1, vhereas  th e y  a r e  a b se n t  a f t e r  f i x a t i o n  by Method 2, s u g g e s ts  
t h a t  th e  C-shaped p r o f i l e  i s  an a r t e f a c t  produced a.t th e  tim e o f  f i x a t i o n .
I t  i s  of i n t e r e s t  t h a t  th e  s p l i t  ap p ea rs  t o  be a s i n g l e  l o n g i tu d in a l  
one. This  f in d in g  i n d i c a t e s  t h a t  th e  bonds between a d ja c e n t  s u b f ib r e s  in  
th e  tu b u le  wad-1 i s  in  some way weaker th a n  the  bond betw een a d ja c e n t  sub­
u n i t s  making up th e  s u b f ib r e s .  I t  does no t n e c e s s a r i l y  fo llo w  t h a t  th e  
fo rm a t io n  o f  t h i s  weaker bond i s  the  f i n a l  s ta g e  in  n o m a l  development o f  
th e  tu b u le .
(c )  N uclear  envelope
The unusual s t r u c t u r e  o f  th e  n u c le a r  envelope may be r e l a t e d  to  i t s  
unusual fu n c t io n .  I t  b e a r s  the  r e l a t i v e l y  v e ry  long and r i g i d  axonemes 
which them se lves  hold  th e  e x t e r n a l  c e l l  membrane in  i t s  c h a r a c t e r i s t i c  
shape. T h e re fo re  i t  seems l i k e l y  t h a t  a t  l e a s t  p a r t  o f  th e  r o l e  o f  th e  
e x t r a  l a y e r s  i s  one o f  s t r u c t u r a l  re in fo rc e m e n t .  In  t h e i r  review ,
Stevens and André (1969) d i s c u s s  th e  r o l e  of v a r io u s  c o n s t i t u e n t s  p r e s e n t  
in  n u c l e a r  envelopes .  One common s t r u c t u r e  i s  th e  th ic k e n e d  i n t e r n a l  
la m e l la .  Fawcett (1966) has  suggested  th a t  t h i s  la m e l l a  h a s  a s u p p o r t in g  
fu n c t io n .  I t  i s  worth  n o t in g  t h a t  t h i s  i n t e r n a l  l a m e l la  which i s  found 
in  an "exag g era ted "  foi.m in  the  "honeycomb la y e r "  o f  Amoeba pro te u s  (G a l l ,  
1964) i s  a b sen t  in  A c t in o p h ry s .
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I t  has  o c c a s io n a l ly  been sugges ted  t h a t  p a r t s  o f  the  nuclear e n v e l­
ope have a s y n th e t i c  r o l e .  Mastigonemes (components o f  f l a g e l l a s )  appea r  
to  bo formed in  p e r in u c l e a r  c i s t e r n a e  ( d i l a t i o n s  o f  th e  n u c le a r  envelope) 
in  the  f l a g e l l a t e  Ochroinonas (Bouck, 1 9 ? l) .  These mastigonemes a r e  
pinched o f f  in  l a r g e  "o u tp o e k e t in g s"  from the  o u te r  n u c l e a r  membrane, and 
a r e  th e n  t r a n s p o r te d  to  th e  c e l l  s u r f a c e .  The absence o f  such " o u t -  
p o ck e t in g s"  i n  A c tin o p h ry s su g g es ts  t h a t  i f  th e  e x t r a  l a y e r s  in  the  
n u c l e a r  envelope a re  a s y n th e t i c  p roduct th e n  th e y  a re  t r a n s f e r r e d  to  th e  
re q u ire d  s i t e  by a  d i f f e r e n t  p rocess  from t h a t  used in  Ochromon a s .
Foci ( P o r t e r ,  I 966) ,  o r i e n t in g  c e n t r e s  (inoue and Sato , 1967)? 
n u c l e a t in g  c e n t r e s  (T i ln e y ,  I 968) ,  m ic ro tu b u le  o r i e n t in g  c e n t r e s  ( P i c k e t t -  
Heaps, 1969) and in i t i a t in g  s i t e s  (Tucker, 1970), a re  s i m i l a r  h y p o th e t ic a l  
s t r u c t u r e s .  They a r e  a l l  held  to  be r e s p o n s ib le  f o r  a s p e c t s  o f  th e  
s p a t i a l  arrangem ent and th e  d i r e c t i o n a l  o r i e n t a t i o n  o f  m ic ro tu b u le s  in  
v a r io u s  s i t u a t i o n s .  I s  th e  p a t t e r n  o r  o r i e n t a t i o n  o f  axonemal m ic ro -  
tu b u le s  i n  A ctinophrys  d e f in e d  by such s i t e s  a t  s p e c i f i c  p la c e s  on the  
n u c le a r  envelope? The "stepped c o n f ig u r a t i o n s " ( P l a t e  S) in  n u c le a r  
enve lopes  i n d i c a t e  t h a t  t h i s  i s  u n l ik e ly .  At one p o in t  tu b u le s  a re  
a t ta c h e d  l a t e r a l l y  to  the  n u c le a r  envelope , a t  a n o th e r  th e y  a r e  a t ta c h e d  
t e rm in a l ly .  This seems to  r u l e  out o r i e n t a t i o n  o f  m ic ro tu b u le s  a s  a, 
f u n c t io n  o f  th e  n u c l e a r  envelope . The "s tepped  c o n f ig u r a t io n "  a l s o  
p r e s e n ts  d i f f i c u l t i e s  i f  i t  i s  assumed t h a t  th e  n u c l e a r  envelope d e t e r ­
mines axonemal p a t t e r n .  A p a t t e r n  o f  n u c l e a t i n g  s i t e s  f ix e d  on the
envelope would no t g iv e  r i s e  to  a normal axoneme i f  th e  envelope was
fo lded  in  t h i s  manner. A more rea so n a b le  i n t e r p r e t a t i o n  of  th e  s i t u a t i o n
i s  t h a t  the  n u c le a r  envelope has a "bonding a f f i n i t y "  f o r  m ic ro tu b u le s .  
That t h i s  a f f in i t y  can be f o r  bo th  th e  s id e s  and ends o f  tu b u le s  i s  a 
f e a t u r e  o f  c o n s id e ra b le  im portance .
I f  th e  axes o f  b i l a t e r a l  symmetry o f  ne ighbouring  axonemes a re  
p a r a l l e l  i t  might i n d i c a t e  t h a t  th e  r e l a t i v e  p o s i t i o n in g  o f  axonemes i s
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m aintained by a p attern  o f  a t tach 'r /n i t  or n u c le a t in g  s i t e s  on th e  n u c l e a r  
envelope. However, a s  I  have shov.vi, th e re  i s  no ev idence  fo r  a p a r a l l e l  
r e l a t i o n s h i p  between the b i l a t e r a l  axes  of symmetry o f  neighbouring  
axonemes in  Ac t in o p h ry s  ( P la t e  1 2). Comparison o f th e  ev idence o f  Roth 
e t  a l .  (1970) fo r  Echinosphasrium w ith  T i ln e y  and P o r b e r ’ s ( 1965) s ta tem en t 
t h a t  th e  axonemal axes o f  symmetry a re  p a r a l l e l  le a d s  to  the  c o n c lu s io n  
t h a t  on t h i s  p o in t  T i ln e y  and P orter a r e  in  e r r o r .
( l )  Hagtqcysj^
A p ro g re s s io n  o f  v e s i c l e s  of in c r e a s in g  d e n s i ty  can  be traced from 
deep in  th e  endoplasm to  th e  c e l l  su r fa c e  ( P la t e s  76 , 77)• T h is  su c c e s s ­
io n  o f  v e s i c l e s  may r e p r e s e n t  s ta g e s  i n  th e  development o f  th e  h a p to c y s t s  
(B ard e le ,  1970). Ihe f a c t  t h a t  th e s e  v e s i c l e s  o r i g i n a t e  in  th e  r e g io n  
of the  Golgi a p p a ra tu s ,  and K itch in g 's  (196O) o b s e rv a t io n  o f  t h e i r  m e ta-  
chromacy w ith t o l u i d i n e  b lu e  s ta in in g , a re  c o n s i s t e n t  w ith  th e  su g g e s t io n  
t h a t  most o f  the  m a te r i a l s  i n  th e  h a p to c y s t s  a re  acid  m ucopo lysaccharides .
( e )  Axonemal v e s i c l e s
These b o d ie s  may be composed o f ,  o r  c o n ta in ,  some m a te r i a l  which i s  
n e c e s s a ry  f o r  th e  fo rm a tio n  o f  axonemes. This  m a te r i a l  could  be tu b u l in  
or e q u a l ly  w e ll  an as  y e t  u n c h a ra c te r i s e d  m a te r i a l ,  such as  fo r  example 
c r o s s - l i n k  m a te r i a l  o r  some m a te r ia l  from th e  lumen o f  th e  tu b u le s  or 
c l e a r  zone su rround ing  them. Evidence fo r  th e  b io ch em ica l  com position  of  
th e s e  axonemal v e s i c l e s  might be gained by u s in g  already e s ta b l i s h e d  
te c h n iq u e s .  One obvious approach i s  th e  a p p l i c a t io n  o f  ^ H -colch icine  
(which b in d s  t u b u l i n ) ,  e i t h e r  in  com bination  v â th  e l e c t r o n  microscope 
a u to ra d io g rap h y ,  o r  w ith f r a c t i o n a t i o n  experim en ts  m onito red  by e l e c t r o n  
m icroscopy and l i q u id  s c i n t i l l a t i o n  c o u n t in g  (.Borisy, 1972). Evidence in  
fav o u r  o f  th e  th e o ry  t h a t  th e s e  v e s i c l e s  c o n ta in  m a te r i a l  which forms p a r t  
o f  th e  axonemes i s  n o t  j u s t  r e s t r i c t e d  to  th e  proximiity o f th e s e  b o d ie s  to
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axonemes. I n  C hap ter  VI m orpho log ica l ev idence  for an in t im a te  a s s o c i a ­
t i o n  o f  v e s i c l e s  w ith  the ends o f  outgrowing m ic ro tu b u le s  i s p re s e n te d .  
This  i s  complemented by th e  o b se rv a t io n  t h a t  th e r e  i s  an in v e r s e  r e l a t i o n ­
s h ip  between th e  number o f axonemal v e s i c l e s  and th e  number o f m icro tubulss  
p re s e n t  when the organism re c o v e rs  a f te r  co ld  t r e a tm e n t .
( f ) The c y s t
U n fo r tu n a te ly  th e  q u a l i t y  o f  f i x a t i o n  o f  th e  c y s t  was so poor t h a t  
i t  was n o t  p o s s ib le  t o  a s c e r t a i n  w hether the axonemal p a t t e r n  surv ived  
th rough  the  sexua l (e n c y s te d )  phase o f  th e  l i f e - c y c l e  (P la te  9 ) . Because 
th e  danger o f  p roducing  a r t e f a c t s  i s  g r e a t e r  when th e  f i x a t i o n  i s  poor no ' 
a t tem p t w i l l  be made to  s p e c u la te  about the  n a tu re  o f c y s t  components such 
a s  th e  en igm atic  1 pin. d ia m e te r  sp h eres  ( P la t e  9)* However, some sound 
in fo rm a t io n  has  been  gained about th e  o u te r  l a y e r  o f  th e  c y s t .
T h is  i s  n o t  a com plete  l a y e r  and probab ly  only p r o t e c t s  th e  c e l l  
body a g a in s t  m echanical damage. The main osmotic b a r r i e r  may l i e  i n  one 
o r  bo th  o f  th e  zygote  w a lls . I t  i s  p robab ly  t h i s  osm otic  b a r r i e r  which 
makes i t  d i f f i c u l t  to  ach iev e  good f i x a t i o n .  Both th e  l a y e r s  o f  the  
zygo te  Yiall a r c  probably o rg a n ic .  One may be s im i l a r  to  th e  c h i t i n - l i k e  
" l a t t i c e d  cap su le "  o f  th e  r e l a t e d  h e l io z o a n  C la th r u l i n a  e l e g a ns (B a rd e le ,
1972).
OîI/iPTER II  
BINARY PISSI02
I n t r od u c t io n
This c h a p te r  i s  a  re c o rd  o f  s e v e ra l  o b s e rv a t io n s  and experim ents 
d es igned  to  f u r t h e r  u n d e rs ta n d in g  o f  b in a ry  f i s s i o n  i n  A ctinophrys; i t  
a t te m p ts  to  r e l a t e  the  p ro c e ss  t o  c u r r e n t  t h e o r i e s  o f  c e l l  d iv i s i o n .
An in d i c a t i o n  tha ,t b in a ry  f i s s i o n  in  some rh izo p o d s  might invo lve  
an unusual type o f  c y t o k in e s i s  comes from a s tudy made by Chalkley (1935) 
on Amoeba p r o te u s . He s u g g e s ts  t h a t  amoeboid movement i s  employed, and 
t h a t  d a u g h te r  organism s d iv id e  by "v/alking a p a r t " .
B in a ry  f i s s i o n ,  in  Act in o p h r y s , has only been mentioned by tv;o 
r e c e n t  a u th o r s .  K i tc h in g  (1964) s t a t e s  t h a t  th e re  i s  no obvious a c t i v i t y  
o f  the  axopodia . W atte rs  ( l9o8) has  ana lysed  the  movements o f  Echino-  
sphggrium and A c t in o p h ry s ; he rep orts  t h a t  d iv id in g  organisms r o l l  apart. 
Thus h e l io z o a  and amoebae appear  to  employ t h e i r  normal means o f locomo­
t i o n  as  a  d iv i s i o n  mechanism. I t  i s  worth n o t in g  th a t a l l  th e se  
ox’ganisras a r e  rh izo p o d s .
' The " c o r t i c a l  g e l"  co n tra ctio n  th e o ry  o f  c y to k in e s i s  (Marsland and 
Landau, 1954) has  ga ined  much support from recent m orpholog ica l s tu d ie s  
wiiich r e v e a l  a  d i s t i n c t  r i n g  which may be c o n t r a c t i l e .  The i n i t i a l  d i s ­
covery o f  t h i s  r in g  o f  a c t i n - l i k e  m ic ro f i la m e n ts  in  th e  re g io n  o f  th e  
advancing  c leav ag e  fu rrow s o f  d iv id in g  A rbacia  eggs (S chrooder,  1969) was 
fo llow ed by i t s  dem onstration in  d iv id in g  T r i t u ru s  eggs (Selman and P e r ry ,  
1970), and i n  d iv id in g  He La c e l l s  (Sch roeder ,  197*5). I t  i s  p o s s ib le  t h a t  
t h i s  i s  a widespread d iv is io n  mechanism. However, i t  i s  c e r t a i n l y
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m odified in  a t  l e a s t  one s i t u a t i o n .  Tucker ( 1971b) h as  con v in cin g ly  
demonstrated the ephemeral p resen ce  o f  a  g ir d le  o f  m icrotubules which 
l i e s  p a r a l l e l  to  the  a x i s  o f  c o l l  s e p a r a t io n  and between th e  c o n tr a c t i le  
rin g  and the p e l l i c l e  during binary f i s s io n  in  the  c i l i a t e  Nassula .
In  some p l a n t s  and anim al c e l l s  (Buck and T isd a le , 1962; P i c k e t t -  
Heaps, 1972) fu s io n  o f  a  number o f  v e s i c l e s  in  the  d iv is io n  p lane  
a p p a re n t ly  accoun ts  f o r  th e  s e p a ra t io n  o f  th e  two d a u g h te r  c e l l s .
R e su l ts
( a )  B inary  f i s s i o n — major s tru ctu ra l changes
Many organisms from 4 -d a y -o ld  c u l t u r e s  c o n ta in  two n u c l e i .  These 
A ctinophrys have completed n u c le a r  d iv i s i o n  and a re  about t o  undertake 
c y to k in e s i s .  They a r e  r e c o g n is a b le  u sin g  a d i s s e c t i n g  m icroscope because  
o f  t h e i r  oblong shape. The d e s c r ip t io n  o f  binary f i s s i o n  in  A c t inochrvB 
which fo llo w s i s  based on o b s e rv a t io n s  o f  d iv id in g  organisms in  r in g  
p r e p a r a t io n s .  U nless o th e rw ise  sta ted  th e se  ob servation s have a l l  been  
made on Actinorhrys which were f lo a t in g  fr e e ly  in  th e  c u l tu r e  medium, 
because  organisms which adhere  to  th e  b a se s  o f  P e t r i  d is h e s  a re  o f te n  
damaged when they  a r e  sucked f r e e  in to  a g l a s s  p i p e t t e .  P la te s  13-20 
show, the  d iv i s i o n  o f  an organism. As d iv is io n  proceeds  th e  tv/o c e l l  
n u c l e i  g r a d u a l ly  move a p a r t .  The b r id g e  of cytoplasm which connec ts  the  
p u ta t iv e  daughter c e l l s  le n g th e n s  and a t t e n u a t e s .  F req u en tly  food 
v acu o le s  o r  other v a c u o le s  occur i n  b r id g e  re g io n s  ( P l a t e s  15, -23)*
Sometimes th e s e  v acu o les  have g r e a t e r  diam eters th a n  t h e  p arts of the 
bridge to  e i t h e r  s id e  o f them and freq u en tly  appear to  com ple te ly  occ lude  
the  b r id g e  between th e  two c e l l s ,  F in a l l y  th e  co n n ec t in g  b r id g e  b reak s. 
The two h a l f - b r i d g e s  bend downwards as  they break, and are g ra d u a l ly  
rosorbed in to  th e ir  r e s p e c t i v e  c e l l  b o d ies . B ridges do n o t  remain 
r ig id ly  ex tended . The le n g th  and d ia m e te r  of th e  b rid ge between d a u g h te r
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c e l l s  a t  the  time o f  f i n a l  s e p a ra t io n  v a r i e s  from in d i v id u a l  to  in d iv id u a l  
I t  i s  o f t e n  a s  much a s  100 pm in  le n g th  and a s  l i t t l e  as  2 pm in  diam eter.
(h) Rate o f  d i v i s i o n . -
Measurements made on pho tographs taken a t  in te r v a ls  a llow  th e  r a t e  
a t  which d iv id in g  c e l l s  move apart to  he c a lc u la te d . Table IF i n d i c a t e s  
t h a t  th e  ra te  a t  which daughter organisms move a p a r t  i s  q u i t e  v a r i a b l e .  
During th e  5 min p e r iod  b e fo re  b r id g e -b re a k in g  some c e l l s  move f a s t e r ?  
and other c e l l s  move more s low ly , th a n  in  the 5 min p e r io d  a f t e r  b r id g e -  
b re a k in g  .
TABLE 1 7 ; Ratos a t  which d iv id in g  A ctinophrys  move a p a r t  (^m rain
Organism
During 5 min b e fo re  b re a k ­
age o f  c y to p la sm ic  b r id g e
During 5 min a f t e r  b resl:-  
age o f  c y to p la sm ic  b r id g e
1 18 ,6 6 .2
2 2 1 .6 1 3 .0
3 4 .7 1 2 .5
(s.) Axopod ia l c o n ta c ts
As d iv id in g  organism s move a p a r t  c o n ta c t s  a r e  o c c a s io n a lly  seen  
between two axopodia based on d i f f e r e n t  c e l l  b o d ie s  ( P l a t e s  24, 2p).
These a re  most frequent in  the  reg io n  between the d iv id in g  organisms. 
Axopodial c o n ta c t s  a re  o f  t h r e e  ty p e s ,  te rm in a l  f o r  b o th  axopodia (dou b le  
term in a l), te rm in a l  fo r  j u s t  one axopodiua ( s in g le  t e r:i 1 r ia l ) , o r  no t 
te rm in a l  fo r  e ith e r  (doub1e n o n - term inal) .  These c o n ta c t s  a re  V. T, and 
X-shaped, r e s p e c t iv e l y .  Frequently a webbed re g io n  i s  v is ib le  a t  the  
p o in t  o f  c o n ta c t  between axopodia  (P la t e  2 l ) .  Sometimes one or b o th  o f  
th e  c o n ta c t in g  axopodia a re  ben t  (P la t e  24 ).  Tho d eg ree  o f  curvature o f  
such axopodia  sometimes v a r i e s  a s  d iv i s i o n  p roceeds .  In  the case  of 
s in g le  t e rm in a l  c o n ta c t s  th e  d i r e c t i o n  o f  th e  curve  i n  th e  axopodium 
a l t e r s .  Axopodia invo lved  in  double n o n - te rm in a l  c o n t a c t s  o f te n  move
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w ith resp ect to each o th e r  in  an incom plete, slow , " k n i t t i n g  motion".
H ap tocys ts  con tinue  to  move up and down th e se  c o n ta c t i n g  axopodia . 
■Contact p o in t s  do not b lo c k  t h e i r  p r o g r e s s , • b u t  h a p to c y s t s  in  one axopod- 
ium are apparently not ab le to cr o ss  over a t the con tact poin t and en ter  
th e  o th e r  axopodium. H aptocysts sometimes move i n t o  th e  webbed r e g io n s ,  
and such h ap tocysts o ften  move back in to  the  main axonem e-conta in ing  
p ortion s o f  axopodia. Those ob servation s in d ic a te  th a t the cytoplasm  o f  
th e  two con ta ctin g  axopodia may be separated by membranes.
(^) Form ation of new axopod ia
Breakage o f  most axo p o d ia l  c o n ta c t s  occurs  r a p id l y ,  Axopodia juz 
sp r in g  a p a r t .  Formation o f  c o n ta c t s  happens s u f f i c ie n t ly  r a r e l y  f o r  i t  
to  have escaped d e te c t io n . These co n ta c ts  could p o ss ib ly  be formed by 
deve lop ing  axopodia which sometimes grow out in  th e  a r e a  to  e i t h e r  s id e  
o f the  cy to p lasm ic  bridge which co n n ec ts  d iv id in g  organism s. Small axo­
podia  occur freq u en tly  i n  t h i s  r e g io n  ( P la t e  22). T h e i r  len g th s change 
c o n tin u a lly . They a lte r n a te  between p eriods o f  growth and reso rp tio n . 
Table V p ro v id es  examples o f  the  ty p es  o f  axopod ia l len g th  changes which 
have been observed.
TABLE V: Length chang es in  axopodia  in  the fu r row r e g i on
Axopodial len g th  (/ik)
Time Axopodium Axopodium Axopodium Axopodium Axopodium
(min) 1 2 3 4 5
0 12 7 12 10 . 212 12 15 19 10 30
4 30 15 24 12 246 24 15 19 15 228 29 12 15 15 2210 34 15 10 19 15
The maxim un e lo n g a tio n  r a t e  recorded fo r  th ese  axopodia i s  4 ^  ciin ^
the  maximum r a t e  o f  s h o r te n in g  observed has  about the  same v a lu e .  Longer 
growing axopodia have g rea te r  d ia m e te rs  a t  th e ir  b a s e s  than  sh orter
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growing axopodia. A lthough axopodia n earest to th e  b ridge o f cytoplasm
co n n ec tin g  th e  two c e l l s  tend  to  be s h o r t e r  than th o se  f u r t h e s t  from th e  
bridge a p r e c i s e ly  graded arrangem ent o f  axopodia in  o rd e r  o f  d e c re a s in g  
le n g th  i s  n o t  a p p a re n t  ( P la t e  22 ).  The appearance o f  th e s e  axopodia 
which grow and a re  re so rb ed  during t h is  part of th e  l i f e  cy c le  i s  
r e s t r i c t e d  to  a l o c a l i s e d  a r e a  o f  th e  s u r f a c e  o f  the  organism. Examina­
t i o n  o f  th e  two h a l f  c e l l  b o d ie s  fu rth er  from the  connecting  bridge o f 
cytoplasm  over  long  p eriods (2 h r )  f a i l s  to  r e v e a l  any sm all  growing 
axopodia a t  a  time when growing axopodia a re  c o n tin u a lly  p re s e n t  near the  
co n n ec tin g  b r id g e  o f  cy top lasm ,
(e )  R o l l in g  movements and d iv is io n
Exam ination o f  l i v i n g  oblong Act i n o p h r y s , which l i e  on the bottom s 
o f  P e t r i  d is h e s  ; shows t h a t  a s  d i v i s i o n  p roceeds th e  co n n ec tin g  b r id g e  o f  
cytoplasm  between the  d a u g h te r  organism s r i s e s  s l i g h t l y .  This  i s  con­
s i s t e n t  w ith  th e  s u g g e s t io n  (V /atters, i 960) t h a t  daughter organism s d iv id e  
by r o l l i n g  a p a r t .  Using f i n e l y  p o in ted  n e e d le s ,  t o  malce s c r a tc h e s  on th e  
b a se s  o f  P e t r i  d ish es a d ja c e n t  to  organisms at e a r ly  d iv is io n  s ta g e s ,  an 
assessm ent can be made o f  tho r e l a t i v e  movement o f  d a u g h te r  organisms as  
they s e p a r a te .  These s t u d i e s  show t h a t  sometimes one daughter r o l l s ,  a t  
o th e r  tim os bo th  r o l l  away from each o th e r .
In  o rd e r  to  d isco v er  w hether a t tac lsn e n t  t o  a  s o l id  s u b s t r a t e  i s  
n e c e ssa ry  f o r  c e l l  s e p a r a t io n  s in g le ,  f r e e - f l o a t i n g ,  oblong A ctin ophrys 
were "tumbled and spun" in  the  c u l tu r e  medium w ith a f in e  g l a s s  n eed le .
The movement o f th e  organisms was observed c o n t in u o u s ly ;  organisms were 
never  allowed to  s e t t l e  on th e  s u b s t r a t e .  U sually  an apparently normal 
d iv i s i o n  was completed w ith in  15 to  30 min from th e  s t a r t  o f  the m anipu la­
t i o n s .  T h is  experim ent shows th a t  A c tinophrys a re  a b le  to  d iv id e  when 
th ey  a re  no t a t ta c h e d  to  any s u b s t r a t e .
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( f ) The connecting b r id g e  o f  cytoplasm
A cti.nop'mya in  l a t e  d iv is io n  s ta g e s  were s e le c te d  f o r  s e c t io n in g  
from m a te r i a l  embedded f o r  e l e c t r o n  m icroscopy ( m a te r i a l s  and M ethods). 
Median l o n g i tu d in a l  s e c t i o n s  o f  cy top lasm ic  b r id g e s  passed through b o th  
n u c l e i  o f  d iv id in g  organism s (P la t e  2 8 ) .  These do n o t  r e v e a l  rin gs o f  
m ic ro f i la m e n ts  o r  any m ic ro tu b u la r  s t r u c t u r e s  in  th e  b r id g es . I t  i s  
p e r t i n e n t  t h a t  in  th e se  organism s m ic ro tu b u le s  a re  w ell  preserved in  b o th  
axopodia and c e l l  b o d ie s .  Cytoplasm in  th e  b r id g e s  has  a h igh ly  v a c u o la ­
ted  appearance ( P la t e s  27? 28 ) .  The v acu o le s  a re  a rranged  so f h a t  no 
p a th  o f  cytoplasm  i s  a v a i l a b l e  in  which a s tr a ig h t  r i g i d  s k e l e t a l  s t r u c ­
tu r e  could  run from one c e l l  body to  th e  o th e r  ( P la t e  28 ).
(g) In f lu e n c e  o f  co ld ,  c o l c h i c i n e ,  and c y to c h a la s in  'B on d iv i s i o n
(i.) Co l d. Ring p r e p a r a t io n s  c o n ta in in g  about 40 oblong organisms 
were used in  th ese  ex p e r im en ts .  H a lf  o f  th e se  p r e p a r a t io n s  were main­
t a in e d  a t  room te m p e ra tu re  (20°C), th e  o th e r  h a l f  were cooled to  4°G.
A f te r  6 h r ,  over $0^ o f  th e  organisms a t  room te m p era tu re  had d iv id ed  bu t 
none o f  those  at had done so. H a lf  t h e  co ld  t r e a t e d  A c tin o rh ry s  
were th e n  allowed to  warm to  room te m p e ra tu re .  A fter  a f u r t h e r  6 h r  over  
h a l f  o f  t h i s  group of  organism s had d iv id e d .  2A h r  a f t e r  the  s ta r t  o f
each experim entj  none o f  th e  Actinochr.ys s t i l l  a t  4^G had d iv id e d .
F in a l ly  when th e se  organism s were removed from th e  co ld  and allowed to  
warn to  room te m p e ra tu re ,  about h a l f  o f  them divided w ith in  a f u r t h e r  5 hr.
Thus, although a f t e r  on ly  6 h r  a t  d iv i s i o n  i s  completed f a s t e r ,
i n h i b i t i o n  o f  d iv i s i o n  i s  s t i l l  r e v e r s i b l e  in  the  m a jo r i ty  o f  ca se s  even 
a f t e r  12 h r  a t  4°G. The number o f  organism s wrifch have d iv id e d  in  each 
o f  th e  groups a t  1 h r  i n t e r v a l s  i s  shown in  F ig . 9*
( i l ) C o lch ic i n e. S im i la r  experim en ts  were performed u s in g  c o lc h i­
c in e . The minimum c o n c e n t r a t io n  of c o l c h ic in e  in  aqueous s o lu t io n  which 
cau ses  v i s i b l e  s h o r te n in g  o f  axopodia in  Act i n opli'rys i s  0,25/o; 0*75/^ c o l ­
c h ic in e  s o lu t i o n s  were used in  th e  fo l lo w in g  experim en ts  which were
FIGURE 9
The f i r s t  h is togram  (w hite  b a r s )  shov/s th e  
p e rce n tag e  o f  organism s which have d iv id ed  
in  a  group m ain ta ined  a t  room te m p e ra tu re .
The second histogram ' (shaded b a r s )  shows 
the p e rc e n ta g e  o f  organism s which have 
d iv id ed  in  a  s im i l a r  group m ain ta ined  a t  
4°C f o r  6 h r  th en  p laced  a t  room tem p era tu re .
The th i r d  h is togram  (b la c k  b a r s )  shows th e  
pe rcen tag e  o f  organism s which have d iv id e d  
in  a group m ain ta ined  a t  4'^C f o r  24 h r  th en  
p laced a t  room te m p e ra tu re .  The d i v i s i o n  
o f  organism s i s  t o t a l l y  i n h i b i t e d  a t  4°C. 
T his  i n h i b i t i o n  i s  r e v e r s i b l e .
Il
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conducted a t  room te m p e ra tu re .
Oblong A ctinophrys were added ho 0.75/^ s o lu t i o n s  of c o lc h ic in e  
d is so lv e d  in  c u l tu r e  medium and co n ta in ed  in  sm all c y l i n d r i c a l  " t e f lo n "  
chambers (about 0 ,5  cm d ia m e te r )  w ith t r a n s p a r e n t  d i a l y s i s  membranes 
forming t h e i r  b a s e s .  A ctinophry s  i n  th e se  chambers were observed w ith  
a d i s s e c t i n g  m icroscope. O ther chambers c o n ta in in g  A ctinophrys  and 
c u l t u r e  medium w ith  no c o lc h ic in e  were p rep a red .  When h a l f  o f  th e  organ­
isms in  c u l t u r e  medium a lo n e  had d iv id ed , none o f the  c o l c h ic in e  t r e a t e d  
organism s had done so. Most o f  th e  c o lc h ic in e  t r e a t e d  c u l t u r e  medium 
was then  p ip e t t e d  out of th e  chambers and re p la c e d  w ith  f r e s h  c u l t u r e  
medium. Most o f  th e  c o l c h ic in e  t h a t  remained was removed by d ia ly s i s  
a g a in s t  a l a rg e  volume o f  f r e s h  c u l tu r e  medium f o r  1 h r .  This  was accom­
p l i sh e d  by p la c in g  th e  chamber onto a b e a k e r  c o n ta in in g  a  l a r g e  volume o f  
c u l t u r e  medium which was a g i t a t e d  w ith  a  m agnetic  s t i r r e r .  The t r e a t e d  
organism s wore th e n  g e n t ly  p ip e t te d  onto s l i d e s .  Ring p re p a ra t io n s  were 
made and the  p ro g re s s  o f  c e l l  d i v i s i o n  was m onitored h o u r ly .  The r e s u l t s  
a re  summarised in  F ig u re  10. Within 36 h r  h a l f  o f  th e  c o l c h ic in e  t r e a t e d  
Ac t in o p h ry s '  had d iv id e d .  The p e rce n tag e  (about bO;o) o f  c e l l s  which 
d iv id e  a f t e r  t h i s  t r e a tm e n t  i s  low er than  th e  p e rce n tag e  (about QO/o) which 
d iv id e s  a f t e r  6 h r  co ld  t r e a tm e n t .  T h is  low er in c id e n c e  o f  d iv i s i o n  i s  
n o t  due to  th e  c o l c h ic in e  rem ain ing  in  th e  c u l tu r e  medium. The u l t r a ­
v i o l e t  l i g h t  a b s o rp t io n  o f  th e  c u l t u r e  medium in  th e  chambers a f t e r  
d i a l y s i s  showed t h a t  c o lc h ic in e  was p re s e n t  a t  a c o n c e n t r a t i o n  in  th e  
range .0 1 - ,0 0 1 ^ .  These c o n c e n t r a t io n s  a r e  w ell below t h a t  \0,2%o) which 
cau ses  axopod ia l s h o r te n in g .
( i i i )  C y to c h a la s in B. A number o f  oblong A ctinoph rys  from 4 -day -  
old  c u l t u r e s  were p laced  in  s o l id  v/atch g l a s s e s  which co n ta in ed  a  I p  
s o lu t i o n  o f  d im ethy l sulphoxn.de and c o n c e n t r a t io n s  o f  c y to c h a la s in  3 to  a 
maximum o f  lO^gm ml ^ . The numbers o f  organism s which had d iv id ed  were 
monitored a t  1 h r  i n t e r v a l s .  D iv is io n  of b in u c le a t e  A c tinoph rys was n o t
FIGURE 10
The f i r s t  h is tog ram  (w h ite  b a r s )  shows th e  
p e rce n tag e  o f  organisms which have d iv id e d  
i n  a group m a in ta ined  in  c u l tu r e  niedium a t  
room te m p e ra tu re .
The second h is tog ram  (shaded b a r s )  shows the  
p e rce n tag e  o f  organism s which have d iv id ed  
in  a  sim ilar: group t r e a t e d  w ith  a s o lu t io n  
o f  c o l c h ic in e  f o r  2 h r  and th e n  washed and 
p laced  in  f r e s h  c u l t u r e  medium. C o lc h ic in e  
i n h i b i t s  d iv i s io n .  This  i n h i b i t i o n  i s  
r e v e r s i b l e .
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i n h i b i t e d  a f t e r  6 h r  in  th e  p resence  of a 10^'^gmml ^ c o n c e n t r a t io n  o f  
c y to c h a la s in  B d is p e r s e d  in  a  s o lu t io n  o f  0 .1 ^  d im ethy l su lphoxide  
d i s s o lv e d  in  c u l tu r e  medium.
(h) Col o n i a l  A c t  i  n o p h r  y s
One f i n a l  item  o f  in fo rm a t io n  which i s  p e r t i n e n t  to  th e  o b s e rv a t io n s  
r e p o r te d  above i s  no t based  on o b s e rv a t io n s  o f  c e l l s  u n d e r ta k in g  b in a ry  
f i s s i o n .  I t  concerns a  p e c u l i a r  f a c e t  o f  h e l io z o a n  b e h a v io u r  — the  
f r e q u e n t  a g g re g a t io n  o f  i n d i v id u a l s  in to  g roups . This  i s  thought to  
a l low  h o l io zo an s  to  c a p tu re  prey organism s which a r e  to o  pow erful to  bo 
caught by a s in g le  in d iv id u a l  (Jepps ,  1959). V/hen a group o f  th e se  
organism s has d ig e s te d  i t s  common meal th e  group s p l i t s  up. The p ro c e ss  
by which in d iv id u a l s  s e p a ra te  from groups i s  s im i l a r  to  c e r t a i n  e v en ts  
o c c u r r in g  d u r in g  b in a ry  f i s s i o n .  Cytoplasmic b r id g e s  have s im i l a r  shapes , 
and le n g th e n  a t  s im i l a r  r a t e s ,  to  th e  b r id g e s  between d i v i d e r s  a t  b in a ry  
f i s s i o n .  The cy top lasm ic  b r id g e s  e v e n tu a l ly  snap s e p a r a t in g  in d iv id u a l  
organism s from clumps. I n t e r e s t i n g l y , th e re  a re  b en t axopodia between 
s e p a r a t in g  c e l l s  and clumps (P la t e  26) .  These occur i n  s im i l a r  p la c e s  
and a re  s i m i l a r  to  th e  b en t  axopodia between A ctinophrys  u n d e r ta k in g  
b in a ry  f i s s i o n .
Di s c u s s io n
(a )  Absence of  a con t r a c t i l e  r in g
The p o p u la r  c o n t r a c t i l e  r i n g  th e o ry  p robab ly  has no r e le v a n c e  to  th e  
d i v i s i o n  of Ac t in o p hry s  f o r  s e v e ra l  r e a s o n s .  F i r s t ,  no m ic ro f i la m en to u s  
r i n g  ap p ea rs  t o  be p r e s e n t .  N egative  ev idence  o f  t h i s  k ind  i s  n o t  u s u a l ly  
g iven  much im portance b u t  in  t h i s  case  i s  more co nv inc ing  th an  most. The 
f i x a t i o n  o f  th e  c e l l  i s  adequa te  to  p re s e rv e  h ig h ly  l a b i l e  m ic ro tu b u le s ,
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so i t  i s  l i k e l y  t h a t  a r in g  o f  in icrofilam onts  would be p re se rv ed  to o , i f  
one w ere^ p re se n t .  Further, i t  would be  v e ry  d i f f i c u l t  to  m iss the  
p o s tu la te d  r in g  during s e c t i o n in g  o f  the m a te r i a l .  The shape o f  the 
b r id g e  i s  such th a t  i f  i t  were produced by c o n t ra c t in g  m icro f ila rnon ts  th e  
r i n g  would have to  be very long  indeed . In  f a c t  i t  would have to  be a 
tube  w ith  a len g th  o f  up to  100 in  some c a s e s .  T h is  i s  a  huge 
" t a r g e t "  u s in g  p r e s e n t ly  a v a i l a b l e  s e c t io n in g  techn iques.
A d d it io n a l  ev idence  f o r  the  o p in io n  t h a t  th e re  i s  no c o n tr a c t i le  
r in g  in  A ctinophrys i s  p rov ided  by the f in d in g  th a t  organisms c o n tin u e  to  
d iv id e  i n  th e  p resence  o f c y to c h a la s in  B. C ytochalasin  B i s  a mould 
m e ta b o l i t e  which i s  known to  i n h i b i t  c leavage  o f  the  nevrt egg. a p ro cess  
which i s  a p p a re n t ly  m ediated  by the  c o n t r a c t io n  o f  a r i n g  o f  a c t i n - l i k e  
m ic ro f i la m e n ts  (P e r ry ,  John and Thomas, 1971)* U n fo r tu n a te ]y t h i s  i s  a 
weaker argument then th a t based  on th e  m orpholog ica l ev id en ce .  The la c k  
o f  i n h i b i t i o n  o f  d iv is io n  i n  t h i s  in s ta n c e  could be ex p la in ed  by the drug 
no t  e n t e r in g  th e  organism . Many p ro to zo a  have low p e rm e a b i l i ty  to  c e r t ­
a in  d ru g s .  For example th e  low est c o n c e n t r a t io n s  o f  c o l c h ic in e  which 
induce shorten ing o f  axopodia  in  A ctinophrys a re  5,000  t im es  g r e a t e r  than 
th e  h ig h e s t  c o n c e n t ra t io n s  norm ally  used to  a^rrest m i to s i s  in  t i s s u e  
c u l tu r e  c e l l s  ( P r i e s t ,  19o9). Although t h i s  ev idence i s  in c o n c lu s iv e ,  
i t  i s  w e l l  in  accord w ith  th e  m orpho log ica l ev idence which i n d i c a t e s  t h a t  
a " c o n t r a c t i l e  r in g "  i s  no t r e s p o n s ib le  for  c y to k in e s i s  in  Actinophicys.
( b ) D iv is io n  by locom otion?
W a t t e r s ' (1968) s u g g e s t io n  t h a t  when A ctinophry s  d iv id e s  th e  two 
d au g h te r  organism s move a p a r t  by r o l l i n g  over th e  s u b s t r a t e  e x p la in s  many 
o f  th e  f e a t u r e s  observed d u r in g  f i s s i o n .  I t  cannot e x p la in  the  simple 
experim ent which d em o n stra te s  t h a t  f r e e ly  f l o a t i n g  A ctin o p h ry s a re  capab le  
o f d iv id in g .  This  l a t t e r  o b s e rv a t io n  i n d i c a t e s  t h a t  f l o a t i n g  organism s 
must "push a g a in s t  each o th e r"  when they  a re  d iv id in g  f o r  th e re  i s  no
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f ix e d  o b je c t  c lo se  enough to  the  c e l l o  such th a t  a  p u l l i n g  o r  pushing 
f o r c e  can  be ex e rc ise d  a g a in s t  i t .  Hence, i f  h eliozoan  locomotion does 
p rov ide  th e  fo rc e  f o r  d i v i s i o n ,  i t  i s  only i n  th o s e  c i rc u m s ta n c e s  where 
th e  organism i s  a t ta c h e d  to  some s o l id  o b je c t .
( c j  M ic ro tu b u les  as  fo rce  t r a n s m i t t e r s
Cold and c o l c h ic in e  d e s t ro y  axonemal m ic ro tu b u le s  i n  h e lio zo a  
(T i ln ey  and P o r te r ,  196?; T i ln e y ,  I 968) ,  and com ple te ly  in h ib it  th e  
s e p a r a t io n  o f  daughter A ctin o p h ry s . I t  i s  l i k e l y ,  t h e r e f o r e ,  t h a t  
d i v i s i o n  depends upon th e  p re sen ce  o f  m ic ro tu b u le s .  M ic ro tu b u le s  a r e
s t ro n g ,  e l a s t i c  s t r u c t u r e s  (C hapter  IV ), so t h e i r  e s s e n t i a l  r o le  probably  
l i e s  in  the t r a n s m is s io n  o f  some fo rc e  r e q u i re d  to  s e p a r a te  th e  d au g h te r  
organism s. In  f r e e - f l o a t i n g  d iv i d e r s  t h i s  must be a  "pushing" fo rc e .
To f u n c t io n  e f f e c t i v e l y ,  such a fo rc e  must o p e ra te  in  t h e  re g io n  between 
th e  two d iv id in g  c e l l s .  The requ irem en t then  i s  probably f o r  a m ic ro -  
t u b u l a r  fo rce -tr a n sm ittin g  component which l i e s  in  th e  re g io n  between th e  
two d iv id in g  d a u g h te r  A c t in o p h ry s .
(d.) Axopodia a s  fo rc e  tra n sm itters
The f in e  s t r u c t u r a l  ev idence  r u l e s  out the  p o s s i b i l i t y  t h a t  th e s e  
m ic ro tu b u le s  a re  co n ta in ed  in  the  bridge o f  cytoplasm between th e  c e l l s .  
The f in d in g  that v acu o le s  occlude the cy top lasm ic  b r id g e  i n d i c a t e s  th e  
same c o n c lu s io n .
The only m ic ro tu b u le  c o n ta in in g  components which span the  space 
betweën the c e l l  b o d ie s  o f  f l o a t i n g  d au g h te r  organism s a r e  the axonemes 
o f  th o se  axopodia, based  on o p p o s i te  c e l l  b o d ie s ,  which c o n ta c t  each o th e r .  
Evidence w i l l  be p re sen te d  i n  C hap ter  IV which r e v e a l s  t h a t  axopodia 
e l a s t i c a l l y  r e s i s t  bending; a b en t  axopodium th e r e f o r e  i s  norm ally  an 
i n d i c a t i o n  o f  a deforming f o r c e .  Some o f  th e  axopodia which do make 
c o n ta c t  between d iv id in g  c e l l s  a r e  a l s o  b en t  ( P la t e  2 4 )♦ They may be
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bent because  they  a re  t r a n s m i t t i n g  th e  f o r c e  which i s  s e p a r a t in g  th e  
d augb t  e r  o rgan  i  s:n s .
(e_) A l t e r n a t iv e  modes o f  d i v i s i o n
I t  i s  p o s s ib le  t h a t ,  i n  a l l  c a s e s ,  th e  fo rc e  s e p a r a t in g  d au g h te r  
A ctinophrys  i s  t r a n s m i t t e d  by axopodia . In  th e  case  o f  organism s a t ta c h e d  
to  th e  b a s e s  o f  P e t r i  d i s h e s  t h i s  i s  p robab ly  a  " p u l l i n g  fo rc e "  e x e r te d  
a g a in s t  th e  b ases  o f th e  P e t r i  d i s h e s .  According to  W atte rs  (1968), 
le a d in g  axopodia s h o r te n  when t h e i r  t i p s  a re  firm ly  a t ta c h e d  to  th e  sub­
s t r a t e  and th u s  cause  d a u g h te r  organism s to  move abou t.  I t  has  been 
argued above th a t  the  axopodia  o f  f r e e - f l o a t i n g  d iv i d e r s  must e x e r t  a 
"pushing" fo r c e  a g a in s t  o th e r  axopodia.
These d iv i s i o n  p ro c e s s e s  may not b e . d i s t i n c t l y  sep a ra te . They 
could represent extrem es o f  a con tin u o u s  range  in  which organism s under­
ta k e  in te rm e d ia te  forms o f  d iv i s i o n  when some axopodia " p u l l "  on th e  sub­
s t r a t e  and some axopodia "push" a g a in s t  th e  s u b s t r a t e  a n d /o r  axopodia on 
th e  o th e r  d a u g h te r  A c t in o p h ry s . Such an arrangem ent could  e x p la in  th e  
v a r i a t i o n  in  r a t e s  of d i v i s i o n  shown in  Table IV (above, p. 2 6 ). The 
chances o f  an axopodium from a f l o a t i n g  organism making c o n ta c t  w ith  
a n o th e r  axopodium would seem to  be f a r  low er than  the  chances  o f  an axo­
podium from a  s u b s t r a t e - a t t a c h e d  organism making c o n ta c t  w ith  th e  bottom 
o f  th e  P e t r i  d ish . The f r e e - f l o a t i n g  d iv i s i o n  could be thought o f  a s  a  
more " d i f f i c u l t "  type  o f  d i v i s i o n  which ta k e s  th e  A ctin o p h ry s lo n g e r  to  
accom pliah.
( f )  Axqpodial growth
How a re  th e  c o n t a c t s  made between "pushing" axopodia  on f r e e - f l o a t ­
in g  d i v i d e r s ?  Newly fo rm ing  axopodia a re  s i t u a t e d  in  the  area where such 
c o n ta c t s  occur. The c o n t in u a l  growth and r e s o r p t io n  o f  th e s e  axopodia 
may r e p r e s e n t  a t r i a l  and e r r o r  system f o r  forming c o n t a c t s ,  Y»hen a
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c o r r e c t  c o n ta c t  i s  made by an axopodium i t  might "trigger"  con tinued  growth 
where o th e rw ise  th e  axopodium would be reso r ted .
(g) Force n ro d u c tio n
A com plete  d i s c u s s io n  o f  p o s s ib le  mechanisms o f  f o r c e  p ro d u c t io n  in  
d iv i s i o n  would in c lu d e  a review  o f  th e  severa l t h e o r e t i c a l  models which 
have been proposed by c e l l  b i o l o g i s t s ;  most o f  th e s e  d e a l  w ith the  
m echanics of the  s p in d le .  Models o f  two main ty p e s  can be considered .
One ty p e  su g g es ts  t h a t  fo rc e  p ro d u c t io n  occurs  by a d d i t io n  or  lo s s  o f  
o r ie n te d  m olecu les  ( e .g .  Inouc and S a to .  I 967) ,  and the o th e r  a t te m p ts  to  
e x p la in  movement in  te rm s o f  a  " s l i d i n g  o r  shea ring"  mechanism ( e .g .  
M cIntosh, H epler and Van Wie, I 969).  There a re  r e c e n t  r e p o r t s  o f  a c t i n  
lo c a l i s e d  in  the  s p in d le s  o f  lo c u s t  (Oawadi, 197 l) and crane  f l y  (Forer 
and Behnke, 1972) spe rm atocy te s .  As Huxley (1973) has shown th e r e  are 
g r e a t  s i m i l a r i t i e s  a t  th e  u l t r a s t r u e  t o r a l  and b iochem ica l l e v e l s  between 
many a p p a re n t ly  u n re la te d ,  ty p e s  o f  fo rc e -p ro d u c in g  mechanisms. A ll  of 
th e  systems he has  reviewed appear to  c o n ta in  o r ie n te d  a c t i n  f ila m en ts .
In  c o n c lu s io n ,  i t  ap p ea rs  t h a t  the  fo rc e  re q u ire d  to  d iv id e  Ac t i n o ­
ph ry s i s  p robab ly  t r a n s m i t t e d  by axopodia; i t  i s  n o t  known i f  axopodia 
a re  invo lved  d i r e c t l y  in  th e  p ro d u c tio n  o f  t h i s  f o r c e .
(b) S im i la r i ty  to  A m o e b a
The th e o ry  o f  d i v i s i o n  p re sen te d  hero  f o r  A ctinophrys  i s  s i m i l a r  
i n  a l l  b u t  m a t te r s  o f  te rm ino logy  to  the  model proposed by C halk!sy  (1935) 
s o le ly  f o r  Amoeba p r o t e u s . The most rem arkable agreement i s  in  th e  case  
o f  f r e e - f l o a t i n g  d i v i s i o n ,  which a lso  occurs  in  Amoeba (C h a lk le y , 1935)* 
Both organism s appear  to  r e q u i r e  a m odified  f i s s i o n  p ro c e s s  to  undertake  
f r e e - f l o a t i n g  d i v i s i o n .  In  Ac t in o p h ry s  t h i s  seemingly in v o lv e s  axopodia 
"pushing" on axopodia w hereas i n  Amoeba the  c e l l  becomes s t e l l a t e  and th e  
u n u s u a l ly  long and t h i n  pseudopodia  a p p a re n t ly  "push" a g a in s t  each o th e r .
“ *3b —
I t  i s  c l e a r  from th e  work p re sen te d  h e re  t h a t  t h i s  method o f  d iv i s i o n  may 
w ell  have a  w ider a p p l i c a t i o n .  The c l a s s  Rhizopoda c o n ta in s  th e  organ­
isms most l i k e l y  to  use  t h i s  system- b u t  any c e l l s  which have a d i s c r e t e  
n u c le a r  and cy top lasm ic  d i v i s i o n  and which do no t round up and become 
immobile d u r in g  f i s s i o n  may have th e  p o t e n t i a l  to  d iv id e  in  t h i s  way.
I I I
REPOSITIONING OF jUOüm&îES Aim THEIR MICROTnBUIES
In t r o d u c t io n
R e s u l t s  p re sen te d  i n  t h i s  c h a p te r  w i l l  d e s c r ib e  changes i n  th e  
p o s i t i o n  o f  axonemes, or changes in  r e l a t i v e  p o s i t i o n  o f  m ic ro tu b u le s  
w i th in  axonemes. A d i s c u s s io n  of th e s e  r e s u l t s  w i l l  c o n s id e r  the  p o s s i ­
b i l i t y  t h a t  axonemal components r e q u i r e  to  ach ieve  a  s t a b l e  minimum-energy 
s t a t e ,  the f u l ly  organ ized  axoneme.
At a s ta g e  b e fo re  n u c l e a r  d i v i s i o n ,  axonemes become detached  from 
the  n u c l e a r  envelope (B e la r ,  1923)* A study of the  means by which 
axonemes r e a t t a c h  to  the n u c le a r  envelope , ju st  b e fo re  binary f i s s i o n ,  
i n d i c a t e s  t h a t  m ic ro tu b u le s  a re  repacked in to  th e  normal axonemal p a t t e r n ,  
as a  d i s t i n c t  p ro c e s s ,  a f t e r  they have been  po lym erised .
A p o la r i s e d  r ep a ir  p ro c e s s ,  o f  bends in  axonemes, appea rs  to  depend 
on tu b u le  rep ac k in g .  E x p lo i t in g  th e s e  bends as  "m arkers" ,  in fo rm a tio n  
h a s  been gained  about th e  mechanism o f  a c t io n  o f  th e  a l k a lo id  c o l c h ic in e  
on m ic ro tu b u le s .
In A ctinoph rys ,  whole axonemes appear  to  change t h e i r  r e l a t i v e  
p o s i t i o n .  Fusion  o f  n e ig h b o u rin g  axopodia has been s tu d ie d .  Such 
fu s io n s  a p p a re n t ly  e n t a i l  the movement to g e th e r  of p re v io u s ly  sep a ra ted  
axonemes.
These o b se rv a t io n s  in  A ctinophrys  a re  comparable to  th o s e  o f  Tucker 
(1970)» He has shoY/n t h a t  in  the  c i l i a t e  Nassul a  l a r g e  b u n d le s  o f  m icro ­
tu b u le s ,  formed a t  one p o in t  in  a  c e l l ,  move and become r e a t ta c h e d  a t  
a n o th e r  s i t e  where th e y  become f u n c t i o n a l .  Such deployment p ro cesse s  
ex tend  p r e s e n t  co n cep ts  o f  th e  r o le  o f  m ic ro tu b u le s  in  m orphogenesis. I t
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R esu lts
(a )  Axonemes de tached  from th e  n u clear envelope
A ctinoohrr/s from a  4 -d ay -o ld  c u l t u r e  a re  f ix e d  and embedded (M a te r i­
a l s  and M ethods). An exam ination  o f  t h i s  embedded m a te r i a l  r e v e a l s  t h a t  
a d i s t i n c t i o n  can be made between early  ana l a t e  d i v i d e r s  on th e  b a s i s  o f  
c e l l  shape. In  e a r ly  d iv i d e r s  axonemes a p p a re n t ly  do no t make c o n ta c t  
w ith  th e  n u c le u s .  Sequences of s e c t i o n s  show th a t  t h i s  appearance i s  n o t  
caused by th e  axonemes p a s s in g  ou t o f  the  p lane  of th e  s e c t i o n .  The 
low est o f  the  3 axonemes in  P l a t e  34 rem ains i n  th e  p lan e  o f  th e s e c t io n  
u n t i l  i t  e n t e r s  an axopodium ( t h i s  r e p r e s e n t s  a  le n g th  o f  20^m ). On th e
1
has been suggested  t h a t  m icro  tu b u le s  a r e  one s t a t e  in  a  r e v e r s i b l e  --f
e q u i l ib r iu m  r e a c t i o n  betw een o r ie n te d  and n o n -o r ie n te d  m o lecu les  (Mars- |
la n d ,  T i ln e y  and M arshfield , 1 9 ? l ) .  This  eq u i l ib r iu m  has been analysed  
in  th e  same thermodynamic terms t h a t  Inoue (1964) used to  a n a ly se  
b i r e f r i n g e n c e  changes o c c u r r in g  in  s p in d le  f ib r e s .  - |
T his  id e a ,  o f  tu b u le s  and su b u n i ts  b e in g  in  a  r e v e r s i b l e  e q u i­
librium ,, i s  a very  v a lu a b le  i n s ig h t  in to  th e  m ic ro tu b u le  s e l f -a s se m b ly  
p ro c e ss ;  however, i t  has  u n fo r tu n a te ly  le d  to  an o v e r s im p l i f i e d  view  o f  .-d
th e  r o le  o f  m ic ro tu b u le s .  For example, i t  i s  o ften  assumed t h a t  m icro ­
tu b u le s  e x i s t  and f u n c t io n  where th ey  a re  made, a t ta c h e d  to  some f ix e d  
" n u c le a t in g  s i t e " .  when th e re  i s  no f u r t h e r  requ irem en t f o r  th e  tu b u le s  
a t  t h a t  p o s i t i o n ,  i t  i s  assumed, c o n d i t io n s  a l t e r  in  some vfay, th u s  
cau s in g  th e  tu b u le s  to  b re a k  down ag a in  in to  t h e i r  s u b u n i t s .
Such a " s t a t i c "  view  o f  m ic ro tu b u le s  should be extended  to  in c lu d e  4:
ith e  dynamic even ts  r e s o r t e d  in  t h i s  c h a n te r ,  where i t  appea rs  th a t  whole %
■Im icro tu b u lo s  move about the c e l l ,  r a t h e r  than f i r s t  d e p o ly n e r is in g  in to  p
subunits and then  re p o ly m o r is in g  at a n o th e r  " n u c le a t in g  s i t e " .
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s u r fa c e  o f  th e  n u c le a r  envelope and in  the  cytoplasm  a d ja c e n t  to  i t  sm all 
d e n s e ly . s t a i n in g  g ra n u le s  (approx . 6C0^\ti d ia m e te r )  a r e  apparen t  ( P la t e  34)
(b) Reattachm ent o f  axonemes to  th e  n u c le a r  envelope
Late  d iv i d e r s  c o n ta in  axonemes o f  unusual morphology which c o n ta c t  
th e  n u c l e a r  envelope ( P la t e  33)* I t  i s  l i k e l y  t h a t  th e s e  axonemes e x h i ­
b i t  s ta g e s  i n  rea t tach m en t to  the  n u c l e a r  envelope.
The b a se s  o f  th e  r e a t t a c h i n g  axonemes a re  " sp la y e d " .  They a re  
incom ple te  because  they  o f t e n  c o n ta in  few er m ic ro tu b u le s  than, a r e  v i s i b l e  
in  the  d i s t a l  re g io n  where th e  u su a l  axonemal p a t t e r n  rem ains .  Short 
s e c t io n s  o f  m ic ro tu b u le s  have o r i e n t a t i o n s  which a re  not r a d i a l .  C e r ta in  
mic.rotu b u le s  extend from the  base  o f  th e  r e g io n  of the  axoneme, 'where th e  
tu b u le s  a r e  packed in  th e  u su a l  f a s h io n ,  to  p a r t s  o f  th e  n u c le a r  envelope 
no t d i r e c t l y  below th e  axoneme.
(f.) Bending and shea r i ng o f  axopodia
The axopodia o f  o rganism s, sucked up and down in  a c l e a r  g la s s  
p i p e t t e ,  tend  to  s t i c k  to  th e  g la s s  a s  they  b rush  a g a in s t  th e  p i p e t t e  
w a l l .  This  p rocess  damages axopodia . Some become very  much s h o r t e r  
because  th e  d i s t a l  p o r t i o n s  o f  axopodia a r e  l o s t .  This  i s  probably  
because  they  a re  sheared  o f f  in  th e  p i p e t t e .  During th e  20 min pe r iod  
a f t e r  damage, th e  average  r a t e  o f  outgrow th o f  3 axopodia ,  shortened  in  
t h i s  way, each on a  s e p a ra te  organism , i s  2^mmin I n i t i a l l y  th e s e
axopodia a re  in  the  range 25- 5 5 long .  During th e  f i r s t  5 min o f  the
reco v e ry  p e r io d  th e  r a t e  o f  outgrowth i s  h ig h e r  th a n  th e  average r a t e
/ .  u . —Iv *14 m min ) .
O ther axopodia a re  b e n t  e l a s t i c a l l y  i n t o  oven c u rv e s .  Axopodia 
b e n t  in  t h i s  manner f r e q u e n t ly  adhere  to  o th e r  axopodia o r  the g l a s s  s l i d e  
a t  t h e i r  t i p s .  E v e n tu a l ly  th e  adhes ion  f a i l s  and th e s e  curved axopodia 
" sp r in g "  back  to th e  s t r a i g h t  form in  one sudden movement.
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Some o f  th e  axopodia y i e ld  n o n - e l a s t i c a l l y  and a  bend l o c a l i s e d  
a t  some p o in t  along th e  lo n g i tu d in a !  a x is  i s  formed. I f  th e  a x is  i s  
b en t  th rough  an ang le  g r e a t e r  th a n  about 70° then  th e  d i s t a l  p o r t io n  o f  
the  axopodium swings round and fu s e s  w ith  the  p o r t io n  o f  th e  axopodium 
proxim al to th e  bond. The subsequent b eh a v io u r  o f  axopodia  a f f e c t e d  in  
t h i s  way was n o t s tu d ie d .
(d) The p o la r i s e d  rop a ir  pro cess
A r e p a i r  p ro c e s s  r e s t o r e s  the  normal form to  axopodia  which con­
t a i n  bends o f  l e s s  th a n  about 70° .  In  t h i s  r e p a i r  p ro c e s s  th e  bend 
moves d i s t a l l y  out a long  th e  axopodia. I t  accom plishes  t h i s  a t  a f a i r l y
uniform r a t e  in  th e  range  10-14 min ^  (F ig . l l ) .  Frequently th e
ang le  o f  th e  bond becomes l e s s  a c u te  as  i t  moves out a lo n g  th e  axopodium. 
The t o t a l  le n g th  o f  th e  axopodium does  no t change s ig n if ic a n t ly  during  
th e  r e p a i r  p ro c e s s .  H aptocyst movement c o n t in u e s  in  th e  reg ion  o f  th e  
axopodium d i s t a l  to  t h e  bend. H ap tocys ts  a l s o  move p a s t  bends a p p a re n t ly  
unhindered  by them in  any way.
(ê.) Colc h ic in e  end th e  r e o a i r  proce s s
I f  organisms a re  immorsod in  0 , 5 /  c o lc h ic in e  t h e i r  axopodia, b eg in
to  sh o r te n  a t  r a t e s  o f  up to  min ^  w i th in  1 o r  2 min (F ig .  12;
P l a t e s  88, 8 9 ). Vdien organism s w ith  b e n t  axopodia a re  p laced  in  c o lc h i­
c ine o f  t h i s  c o n c e n t r a t io n  th e  d i s t a l  movement o f  a bend a long  an axo­
podium s t i l l  occurs  a t  the  normal r a t e  even while t h a t  axopodium i s  
sh o r te n in g  (F ig . 12).  The r a t e  o f  s h o r te n in g  o f  b en t  axopodia  a f t e r  
c o l c h ic in e  t re a tm e n t  i s  ap p ro x im a te ly  th e  same as th e  r a t e  o f  s h o r te n in g  
f o r  n o m a l  axopodia t r e a t e d  in  th e  same way.
( f )  F us ion  o f  axooodia
O ccasion a lly , a f t e r  damage of th e  type  j u s t  d e s c r ib e d ,  a f t e r ,  low
FIGURE II
Bhov/c. changes in  th e  d i s t a n c e  between a  
bend in  th e  lo n g i tu d in a l  a x is  of an 
axopodium and the  b ase  o f  th e  axopodium 
(open c i r c l e s ) .  The b ase  to  t i p  le n g th  
o f  th e  axopodium i s  a l s o  shown (b lack  
c i r c l e s ) .
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te m p éra tu re  t r e a tm e n t ,  o r  du]?in,i; rcgrowth o f  axonemes a f t e r  r a o id  con­
t r a c t i o n  (C hapter V), two n e ighbouring  axopodia fu se  a long  t h e i r  e n t i r e  
le n g th s .  This fu s io n  s t a r t s  a t  th e  b ase  and p roceeds g r a d u a l ly  tow ards 
axopod ia l  t i p s  ( P la t e s  3 5 -3 7 )» I t  p ro g re s s e s  a t  a rough ly  c o n s ta n t  r a t e  
of  about 1 0 mi n
A fev/ examples o f  axopodia  c o n ta in in g  two axonemes a r e  observed  
( P la t e  38 ).  These may be the  r e s u l t  o f  axopod ia l fu s io n .  (Schin o -  
sphaerium a lso  appears  to  p o sse ss  axopodia  with two axonemes (K itch ing  and 
Graggs, 1965 , T i ln ey  and P o r t e r ,  I 965) . )
Pi s c u s s io n
(a )  L o ca lised  breakdown o f  u a r t  o f  an axoneme
Bases o f  axonemes which a re  detached from the n u c l e a r  envelope a re  
no t f l a t  or "s tepped"  a s  th e y  a re  in  i n t e r f i s s i o n  o rgan ism s. They have 
an i r r e g u l a r  shape b ecause  c e r t a i n  tu b u le s  ex tend down tow ards the  n u c leu s  
f u r t h e r  than  o th e r s .  This  in d ic a te s  t h a t  m ic ro tu b u le  t i p s  a t  th e  b a se s  
o f  axonemes have been broken  down. The lo c a l i s e d  breakdown o f  m icro ­
tu b u le s  can be ex trem ely  p r e c i s e  (Tucker, 1971 î 7/i l l iam s and Franlcel, 
1973). In  t h i s  case  th e  o u ts ta n d in g  f e a t u r e  i s  t h a t  only  a  p a r t  of th e  
o r g a n e l l e ,  the  very  b a s e ,  i s  degraded . T h is  breakdown may have a d a p t iv e  
s ig n i f i c a n c e  f o r  two re a s o n s .  I t  may f a c i l i t a t e  th e  even d i s t r i b u t i o n  
o f  p a r e n t a l  axonemes o ve r  th e  s u r fa c e  o f  the two newly formed nuc l .e i .  I t  
may a l s o  be t h a t  such v e ry  long  axonemes would be a m echanica l h in d ran ce  
to  n u c l e a r  d iv i s i o n  i f  th ey  remained a t ta c h e d  to  th e  n u c l e a r  envelope . 
B e la r  (1923) has shown t h a t  n u c le a r  d iv i s i o n  i n  Ac t i n onh ry s  a p p a re n t ly  
occurs  w ith o u t breakdown o f  th e  n u c le a r  envelope .
( b ) Reattachm en t  of  axonemes
The form of th e  axoneme " r e a t t a c h in g "  to  th e  n u c l e a r  envelope
deraancl'j c a r e f u l  c o n s id e r a t io n .  I t  may have a r isen  'by one of t'wo p ro ­
c e s s e s ,  e ith e r  by the  fo rm a t io n  o f  new m ic ro tu b u le s  or by th e  s l i d i n g  
downwards o f a l re a d y  polym erised m icrotubules from th e  com ple te ly  formed 
reg ion  o f th e  axoneme. The f a c t  t h a t  the packing o f m ic ro tu b u le s  i n  
th e  axoneme im m ediately  above t h i s  re g io n  appea rs  e n t i r e l y  normal does 
n o t  e lim in a te  th e  second a l t e r n a t i v e  because  m ic ro tu b u le s  may be continu­
ous th roughou t th e  len gth  o f the axoneme. The p resen ce  o f  a  l a rg e  
number o f  polyribosom es in  the  reg ion  o f th e  "sp layed"  m ic ro tu b u le s  
su g g e s ts  th a t th e  s y n th e s i s  o f  some p ro te in  i s  occurring.
There i s  a c o r r e la t io n  between th e  number o f  ribosom es in  a> polysome 
and th e  m o lecu la r  weight o f  th e  p rote in  i t  i s  s y n th e s i s in g .  The mole­
c u l a r  w eight o f  mammalian b r a in  tu b u lin  i s  57,000 (F in e , 1971)» Assuming 
a s im i l a r  m o lecu la r  w eight f o r  h e l io z o a n  axonemal t u b u l in ,  the  number o f  
r ibosom es expected  in  a  polyribosom e coding f o r  i t  can be deduced. 
R eference to  Sum m erv ille 's  ( I 967) c a lib r a t io n  graph  g iv e s  an approximate 
v a lu e  o f  1 3 . I t  may n o t  be w ith o u t im portance to  n o t ic e  t h a t  13 i s  a l s o  
one o f  th e  more commonly quoted numbers o f  subfilam ents which a re  sa id  to  
make up th e  w a ll  o f  a m ic ro tu b u le  ( P o r te r ,  1966)»
Because o f  th e  le n g th  o f  such polyribosom es (abou t 117 nm) they  
w i l l  be seen a s  whole s t r u c t u r e s  in f r e q u e n t ly  in  e l e c t r o n  m icrographs o f  
se c t io n e d  m a te r i a l .  Polysomes in  t h i s  s i t u a t i o n  in  m icrographs o f  
A c tinophrys  con ta in  a t  l e a s t  5 ribosomes (P la t e  34)»
The ev idence  would su g g es t  th e n  t h a t  a t  l e a s t  some p r o t e i n  re q u ire d  
f o r  the fo rm ation  o f  new axonemes i s  being newly s y n th e s is e d .  The 
ev idence t h a t  t h i s  i s  t u b u l in  i s  weak. I t  seems u n l ik e ly  t h a t  a l re a d y  
c o n s t ru c te d  m ic ro tu b u le s  s l i d e  down out o f  th e  axoneme in t o  t h i s  re g io n ,  
b u t  no d i r e c t  evidence can be p re sen te d  a g a in s t  i t .  S y n th e s is  and 
p o ly m e r is a t io n  o f  tu b u le s  from a pool o f  a l re a d y  s y n th e s is e d  p r e c u r s o r s  
cannot be excluded e i t h e r .
The m ic ro tu b u le s  i n  t h i s  r eg io n  a re  p robab ly  growing. This i s
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a p p a re n t ly  th e  f i r s t  r e p o r te d  e l e c t r o n  m icroscope o b s e rv a t io n  o f  growing 
microtubuXes in  any h e l io z o a n .  A l l  o th e r  "growing axopodia"  have in  
f a c t  been ro a g g re g a t in g  a f t e r  ex p e r im en ta l  d e g ra d a t io n  (Roth and S h igan- 
aka, 1970).
( c )  Repacking of m ic ro tu b u le s  in  th e  r e a t t a c h i n g  axoneme
I t  i s  c l e a r  from th e  morphology o f  such axonemes t h a t  in  o rd e r  to  
ach ieve  th e  m ic ro tu b u la r  c o n f ig u r a t io n  t y p i c a l  of a normal axoneme, 
e i t h e r  m ic ro tu b u le s  w i l l  have to  move tow ards each o th e r  o r  th o se  tu b u le s  
which a re  wrongly p laced  w i l l  have to  s e q u e n t i a l l y  d i s a g g re g a te  then  grow 
out ag a in  and ag a in  in  now d i r e c t i o n s  each time u n t i l  th e  c o r r e c t  d i r e c ­
t i o n  i s  ta k e n .  I  do n o t fav o u r  t h i s  l a t t e r  su g g e s t io n .  I t  would 
r e q u i r e  in d iv id u a l  m ic ro tu b u le s  to  be " reco g n ised "  by p a r t i c u l a r  s i t e s .
An a l t e r n a t i v e  th e o ry  su g g es ts  t h a t  tu b u le s  a re  repacked . One way 
to  en v isag e  t h i s  i s  t h a t  tu b u le s  n e a r  the  c o r r e c t l y  packed reg io n  a r e  
v i b r a t i n g  a s  a  r e s u l t  of Brownian movement o r  in  some o th e r  v/ay. when 
th e y  a r e  a t  th e  c o r r e c t  sp ac in g  a  c r o s s - l i n k  would become in s e r t e d  and 
th e  s t r u c t u r e  would be s t a b i l i z e d .  I n  t h i s  way th e  m ic ro tu b u le s  o f  th e  
axoneme would become more o rdered  as a g r e a t e r  number o f  c r o s s - l i n k s  
became i n s e r t e d .
(d) Repair of b e n t  axopo d ia
O bserva tions  i n d i c a t i n g  th e  p resen ce  o f  a moving r e u a i r  zone a r c  
im p o r ta n t ,  because  o f  t h e i r  r e le v a n c e  to  m ic ro tu b u la r  pack ing  in  th e  
axoneme, and because  th ey  su g g es t  axonemal p o l a r i t y .
In  th e  f i r s t  p la c e  i t  i s  c l e a r  t h a t  bends always m ig ra te  d i s t a l l y ,
never  c e n t r i p e t a l l y .  T his  r e q u i r e s  t h a t  th e r e  i s  a d e f i n i t e  p o l a r i t y  in
th e  axoneme. The p h y s ic a l  b a s i s  o f  t h i s  p o l a r i t y  i s  n o t  known, b u t
could l i e  in  th e  h e te ro d im e r  su b u n it  proposed by Bryan and Wilson ( l9 7 l )*
The n a tu re  o f  th e  damage t h a t  i s  b e in g  r e p a i r e d  i s  o f  g r e a t  i n t e r e s t .
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C ro s s - l in k e d  rn ic ro tubu les  in  th e  axopodium p rov ide  s t r u c t u r a l  support 
(T ilney  and P orter , 1 9 6? ). Therefore bends o f  t h i s  kind in  axopodia  
must be caused  e i t h e r  by t o t a l  b reakage  o f  m ic ro tu b u le s  o r  by l o c a l  
d i s r u p t i o n  of  c r o s s - l i n k s  and bend ing  of m ic ro tu b u le s ,  • vVhereas t o t a l  
b reakage  o f  m ic ro tu b u le s  may have occu rred  in  th o se  bends in  axopodia 
g rea te r  than i t  seems l e s s  l i k e ly  to  have occurred in  the ca se  o f  
th o se  bends which undergo a p o la r iz e d  r e p a i r  p ro c e s s .  The bonds move 
outwards a t r a te s  (:U2^m minT^^ idhudi free fa s t e r  than the ra te  o f  o u t-  
growth o f  undamaged axopodia  of th e  same le n g th  (6^m rain ' ) .  I t  i s  
p ro b ab le  t h e r e f o r e  t h a t  t h e r e  i s  no com plete  b reak  and t h a t  th e  m icro ­
tu b u le s  a re  ju s t  b en t and d is a r ra n g e d  in  some fa s h io n .
(s.) Mechanism of  a ctio n  o f  c o lc h ic in e
T iln ey  (l96s) has shown t h a t  m icrotubules in  h e l io z o a n  axopodia 
a re  d isa g g re g a te d  by c o l c h i c i n e .  F ig u re  1^ shows t h a t  th e  e f f e c t  oi c o l ­
c h ic in e  on b en t  axopodia i s  always to  s h o r te n  th e  s e c t io n  o f  the  axopodium 
which i s  d i s t a l  to  the bend. T h ere fo re  i t  can  be concluded t h a t  m ic ro -  
tu b u le s  in  th e  h e l io z o a n  axopodium a re  b roken  down, w ith  t h i s  c o n c e n tra ­
t i o n  o f  c o l c h ic in e ,  by a c t i o n  a t  t h e i r  t i p s .
The p o s s i b i l i t y  t h a t  m ic ro tu b u le  s u b u n i ts  a r e  c o n s ta n t ly  be ing  
f re e d  from and be ing  in c o rp o ra te d  in to  m ic ro tu b u le s  has  a l re a d y  been 
c o n s id e re d .  In  view o f  t h i s  and th e  ev idence  p re se n te d  above i t  seems 
p o s s ib le  t h a t  c o lc h ic in e  could  be a c t in g  by a t t a c h in g  to  th e  s u b u n its  e.s 
o r  a f t e r  they d i s s o c i a t e  from th e  m ic ro tu b u le .  The r e s u l t i n g  s u b u n i t -  
c o l c h ic in e  complex i t  i s  supposed would n o t  be ab le  to  r e - e n t e r  a  m ic ro -  
tu b u le .  Thus a  p ro g re s s iv e  sh o r te n in g  o f  m ic ro tu b u le s  from t h e i r  t i p s  
would occur .
( f ) The axoneme— a m in imum energy s ta te ?
When the components o f  the  axoneme a r e  h ig h ly  o rdered  i t  i s  presumed
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t h a t  a maximum number o f  b in d in g  s i t e s  on m ic ro tu b u le s  and c r o s s - l i n k s  
a re  occupied . Damage, i n  th e  fonn o f  permanent bends in  the  axopodia, 
can bo viewed as s,n in p u t  o f  energy to  the system. Many c r o s s - l i n k s  
might now bo h ig h ly  r e a c t i v e  because  they  have l e s s  th a u  a  s a t i s f a c t o r y  
number o f  b in d in g  s i t e s  f o r  m ic ro tu b u le s  occupied . O thers  a re  presum­
ab ly  h o ld in g  to  i n c o r r e c t  s i t e s  th u s  bend ing  m ic ro tu b u le s  which a re  
te n d in g  to  r e t u r n  to  th e  s t r a i g h t  form. I t  i s  p o s s ib le  t h a t  an " au to ­
r e p a i r  p ro c e s s"  ta k e s  p la c e  making use  o f  t h i s  " s to re d "  energy . M icro -  
tu b u le s  and c r o s s - l i n k s  could  move and v i b r a t e  as  a  r e s u l t  o f  Brownian 
m otion u n t i l  chance en co u n te r  o f  s u i t a b l e  l i n k in g  s i t e s  cau ses  a  " c o r r e c t "  
bond to be formed. On c o n ta c t  the energy of the  u n s a t i s f i e d  b in d in g  s i t e  
would be r e le a s e d  in t o  th e  bond, th u s  s t a b i l i z i n g  the  p a t t e r n  o f  th e  
axoneme. Those c r o s s - l i n k s  in  " in c o r r e c t "  p o s i t i o n s  would have t h e i r  
bonds s t r a i n e d  by b e n t  m ic ro tu b u le s  and so would tend  to  b re a k  more 
f r e q u e n t ly  than  th o se  i n  " c o r r e c t "  p o s i t i o n s ,  and th u s  th ro u g h  r e a t t a c h ­
ment o f  l i n k s  to  c o r r e c t  s i t e s  " in c o r r e c t ly "  p laced c r o s s - l i n k s  would 
d im in ish  in  number.
As a d e s c r ip t i o n  o f  a  p o s s ib le  co u rse  o f  e v en ts  a t  th e  m o le c u la r  
l e v e l  t h i s  i s  adequa te  a s  an e x p la n a t io n  o f  bend r e p a i r  only  up to  a  p o in t .  
I t  does not e x p la in  why th e  r e p a i r  zone moves.
I f ,  a s  has been  sugges ted  f o r  m ic ro tu b u lc  s u b u n i t s ,  c r o s s - l i n k i n g  
m a te r i a l  (nex in ? )  i s  a l s o  i n  an e q u i l i b r i u n  between th e  bonded and unbonded 
form th e n  c r o s s - l i n k s  cou ld  be b e ing  made and broken  c o n t in u a l l y  a t  b o th  
ends o f  th e  r e p a i r  z o n e . I f  f o r  some re a s o n  bonds a r e  made more f r e ­
qu en t ly  o r  b reak  l e s s  o f t e n  in  th e  p a r t  o f  th e  r e p a i r  zone n e a r e s t  th e  
c e l l  body th a n  in  th e  p a r t  f u r t h e s t  from i t  a  s i t u a t i o n  cou ld  a r i s e  where 
th e  fo rm er r e g io n  was becoming more s t a b l e  a t  th e  expense o f  th e  l a t t e r  
v i a  an in t e r v e n in g  pool o f  f r e e  c r o s s - l i n k i n g  m a te r i a l  ( I ' ig .  13 ) .  Long- 
range a l l o s t e r i c  e f f e c t s  a s  d isc u sse d  by Roth e t  a l .  ( 197O) would be one 
b a s i s  on which such a  d i f f e r e n c e  in  a f f i n i t y  f o r  c r o s s - l i n k s  could be
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Schemes o f  t h i s  ty p e  a re  o f  co u rse  v e ry  u s e f u l  f o r  v i s u a l i s i n g  
e v e n ts  which ta k e  p la c e  a t  t h i s  l e v e l  o f  o rg a n iz a t io n .  'The ev idence  
however t h a t  o rg an e lü es  as  complex as  t h i s  can so lf - -a s semble i s  v i r t u a l l y  
n o n - e x i s t e n t .  Experim ents  in  v i t r o  of th e  type which a n a ly se  th e  s e l f -  
assembly o f  T.M.V. (Durham, Pinch  and King, 1971 ), b a c t e r i a l  f l a g e l l a e  
(Asalau:a, Eguchi and lino, 1966) and in d iv id u a l  m ic ro tu b u le s  ( 'Heisenberg, 
1972) from t h e i r  s u b m ii ts  must be performed w ith  th e  i s o l a t e d  c o n s t i t u ­
e n t s  o f  whole axonemes. I f  th e s e  g iv e  r i s e  to  r e c o g n is a b le  p a t t e r n s  
s i m i l a r  to  th o s e  seen in  th e  h e l io z o a n  axonemes in  v i v o , th en  a much 
f i r m e r  b a s i s  f o r  i n t e r p r e t a t i o n s  o f  th e  ty p e  o f fe re d  above w i l l  have been 
e s t a b l i s h e d .
CHAPTER IV 
THE ELASTIC PROPERTIES OF AXOPODIA
I n t r o d u c t io n
A lthough many a u th o r s  ag ree  t h a t  m ic ro tu b u le s  a r e  c y t o s k e l e t a l  in  
fu n c t io n  (T ilney  and P o r t e r ,  1965; B r in k le y  and C a r tw r ig h t ,  1971) t h i s  
agreement i s  based  on s im ple c o r r e l a t i o n s .  Vlien long , th in  c e l l  ex ten ­
s io n s  develop, m ic ro tu b u le s  are commonly found w i th in  them o r ie n te d  in  
th e  d i r e c t i o n  o f  t h e i r  lo n g i tu d in a l  axes (reviewed by P o r t e r ,  I 966), 
C onverse ly , when ag en ts  which cause  m ic ro tu b u le s  to  d i s a g g re g a te  a re  
a p p l ie d ,  th e  long c e l l  e x te n s io n s  a re  u s u a l ly  l o s t  (T iln ey , 1969; Roth 
and Shigenaka, 1970).
Axopodia a re  c e l l  e x te n s io n s  o f  t h i s  type; th e y  c o n ta in  a  l a rg e  
number o f  com pactly a rranged  m ic ro tu b u le s  a long  t h e i r  e n t i r e  le n g th s .
An i n v e s t i g a t i o n  o f  the  e l a s t i c  p ro p ertie s  o f  the axopodia  of Act in o p h r y s 
should hence p rov ide  more d i r e c t  ev idence  in  support o f  th e  w idely  he ld  
b e l i e f  t h a t  tu b u le s  perform  a c y t o s k e l e t a l  r o l e .
R e su l t s
( a )  M ic ro m a n ip u la t ion o f  axopodia
Axopodia f r e q u e n t ly  adhere  to  g l a s s  m ic ro n eed les  which b ru sh  against 
them. I f  t h i s  b ru sh in g  movement i s  g e n t l e ,  and t h e  a t tachm en t i s  made 
n e a r  th e  t i p s  o f  axopodia ,  they  a r e  e l a s t i c a l l y  b e n t  i n t o  an even ly  curved 
shape (P la te  42). The axopodia  e v e n tu a l ly  d e tach  from th e  n ee d le s ,  bhen 
t h i s  o ccu rs  th ey  s p r in g  back , v i b r a t e  abou t th e ir  o r i g i n a l  s t r a i g h t
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p o s i t i o n  f o r  a f r a c t i o n  o f  a  second, and th e n  corne to  r e s t .
More pow erful m a n ip u la t io n s  of the  g la s s  n e ed le  o f t e n  produce more 
seve re  bending  o f  axopodia; th e  axopodia y ie ld  n o n - e l a s t i c a l l y  ( P la te  
44)* These bends a r e  s i m i l a r  to  some o f  th e  bends formed by .shearing in
f i n e  g l a s s  p i p e t t e s .  Axopodia damaged in  t h i s  way do n o t  sp r in g  back
to  t h e i r  o r ig i n a l  s t r a i g h t  form when r e le a s e d .
(b) E stim ation  o f Young’s Modulus f o r  an axonodiurn
A g la s s  f i b r e  o f  app rox im ate ly  th e same d ia m e te r  a s  an axopodium
was mounted on a  m ic ro m an ip u la to r .  The t i p  o f  th e  g l a s s  f i b r e  was drawn 
in t o  c o n ta c t  with th e  very  t ip  o f  an axopodium. I t  became f i rm ly  s tu c k  
to  th e  axopodium, and v/as then moved f u r t h e r  in  th e  sane d i r e c t i o n  cau s in g  
bends to  appear in  b o th  th e  axopodium a n d . th e  g la s s  f i b r e .  T h is  con­
f i g u r a t i o n  was photographed ( P la t e  43) and th e  n e g a t iv e  was made in to  a 
t r a n s p a re n c y  f o r  p r o j e c t i o n .  In  t h i s  e q u i l ib r iu m  s i t u a t i o n  th e r e  i s  a 
r e l a t i o n s h i p  between ( l )  th e  s t r e n g th s  o f  th e  two components ( the  axopodiuz: 
and the  g la s s  f i b r e ) ,  (2 ) t h e i r  d ia m e te rs ,  and ( 3 ) the  r a d i i  of c u rv a tu re  
o f  the  two bends. This r e l a t i o n s h i p  i s  expressed  i n  th e  fo llo w in g  
equation:
h  = . . . .  (1 )
where = Young’s Modulus f o r  the  axopodium.
Eg -  " ” " " g l a s s  f i b r e ,
an = rad ius o f  th e  axopodium, 
ap "  " " ” g l a s s  f i b r e ,
= r a d iu s  o f  c u rv a tu re  of th e  bend in  th e  axopodium,
Rg -  ” " ” ” " ” ” " g l a s s  f i b r e .
The d e r i v a t i o n  o f  th is  e q u a t io n  I s  co n ta in ed  in  Appendix I .
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( i )  Young’s Modulus f o r  the g l a s s  f i b r e  (E„)
Young’s Modulus can be a s se s se d  f o r  a m a te r i a l  u sin g  a sample o f
th e  m a te r i a l  o f  any- shape o r  s iz e  (Meidner  and S e l l s ,  1968).  The g la s s
f i b r e  used in  t h i s  experim ent was p repared  by drawing ou t th e  t i p  o f  a
g la s s  m ic ro e le c t ro d c - tu b e  on. a  m ic ro fo rg e .  D e te rm ina tion  o f  Y oung's
wasModulus f o r  th e  glass^rnade u s in g  one of th e s e  tu b e s ,  n o t  th e  f i b r e  i t s e l f .  
The measurements which a r e  r e q u i r e d ,  and th e  c a l c u l a t i o n  of  th e  modulus, 
a r e  in c lu d ed  in  Appendix I .
Minimum E 3 x 10^^ dynes/cm^
Average E = 4*8 % 10^^' " ”
Maximum = 6o6 x 10^^ ” "
( l i )  .W iu s  o f the axopodium .
The tra n s p a re n c y  o f  the  axopodium was p r o je c te d  onto a l a r g e  s h e e t  
o f  graph p ap e r  and the  d ia m e te r  o f  the axopodium was measured a t  10
d i f f e r e n t  p o in t s  a long  i t s  l e n g th .  Because the  o u t l i n e  o f  the  axopodium
was no t p e r f e c t l y  sharp  a t  t h i s  m a g n if ic a t io n ,  maximum and minimum v a lu e s  
were a s se s se d  a t  each o f  th e  10 p o in t s .  An average  d ia m e te r  and rad ius  
were c a l c u la te d  u s in g  th e  maximum and minimum s e t s  of v a lu e s .
minimum diam eter maximum d ia m e te r
2.1 4.8
1 .5  5*0
1 .6  5 .3
2 .5  5 .2
1 .7  5 .12.1 3.6
2 .4  5 .7
2 .3  5 .2
2 . 2  5.2
10 L 20.6 . 10 51 .0
AV. DIAMETER (min) 2 .0 6  AV. DIAM. (max) 5*1 
Hence, minimum p o s s ib le  a^ == 1.03 u n i t s ,  
and maximum " " = 2.55 "
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l i i i ) Radius o f  the  g l a s s  f i b r e  (a^)
The diam eter o f  th e  g l a s s  f i b r e  was a l s o  measured from th e  p r o je c te d  
s l i d e .  An average diam eter was c a l c u la te d  from measurements made a t  8 
p o in t s  a long  i t s  le n g th . Maximum and minimum p o s s ib le  measurements were 
made a t  each p o in t  in  th e  same way as  fo r  th e  axopodium.
minimum d ia m e te r  maximum d ia m e te r
2 .4  5 .02.6  6.3
2 .3  4 .0
1 .7  5 .7
2 .5  5 .72 .4  6 ,2
2.2  4.5
8 l l i r - â  0 Ij J ,  0
AV. DimETER (min) 2 .2  AV, Dimi. (max) 5 .1
Hence, minimum p o s s ib le  = ,1 .1  u n i t s ,  
and maximum ” " = 2.55 "
R ad i i  were a s se s se d  i n  a r b i t r a r y  u n i t s .  Because th e se  appear as  
a r a t i o  in  E quation  ( l )  t h i s  does not a f f e c t  the  c a l c u l a t i o n .  The r e a l  
average d ia m e te rs  f o r  b o th  th e  axopodium and th e  g la s s  f ib r e  were 
approxim ately:
maximum p o s s ib le  d ia m e te r  3 
minimum p o s s ib le  d ia m e te r  1 .5  
S im i la r ly  the r a d iu s  o f c u rv a tu re  o f  the  b e n t  axopodium (R  ^ ) and th e  b en t  
g la s s  f i b r e  (R^) can be measured in  a r b i t r a r y  u n i t s .
( i v )  Radius o f  c u rv a tu re  o f  bend in  axopodium ( )
The t i p  o f  th e  axopodium (t ) moved a p e rp e n d ic u la r  d i s t a n c e  ( e . )  I
1from the o r ig in a l a x is  o f  the axopodium (F ig . I 4 ) . The base to  t ip  
le n g th  o f  th e  axopodium i s  (d ^ ) .
■Row because  e . i s  sm all  compared w ith  R^ !
a t  ' I
h  “ ......................................... ,
FIGURE 14
An i l l u s t r a t i o n  o f  a g e n t ly  curved l i n e  
(a  bend th e re f o r e  w ith  a  l a rg e  r a d iu s  o f  
c u rv a tu r e  — R ). In  i n s t a n c e s ,  l i k e  th o se  
under c o n s id e r a t io n ,  where th e  d e f l e c t i o n  
e o f  th e  axopodium and g l a s s  f i b r e  from 
the  v e r t i c a l  i s  sm all and t h e i r  radi.us o f  
o u r ' /a tu re  i s  l a rg e  the  form ula
.2
i s  a p p l i c a b l e .
when R » e
R -  d '
^ ~ 2 e
o
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The le n g th s  d. and were measured on a la rg e  sh ee t  o f  paper  onto which 
th e  m agnified  p r o f i l e s  o f  t h e  axopodium and g la s s  f i b r e  had been drawn 
(F ig .  1 5 ) by fo l lo w in g  th e  o u t l i n e s  when th e  t ra n sp a re n c y  was p ro je c te d  
onto th e  paper .  E r r o r s  made in  th e se  measurements are. n e g l ig ib l e  com­
pared  w ith  those  made in  a s s e s s in g  a. and a^.
S u b s t i t u t i n g  i n  E qua t ion  ( 2 ) ,
13 218^
20.6
= 1153.5 u n i t s
(v )  Rad jus of c u rv a tu re  o f  bend i n  g l a s s  f i b r e  ( r J  
To a s s e s s  th e  r a d iu s  o f  c u rv a tu re  of the  bend in  th e  gla,ss f i l a m e n t
th e  paper  t r a c i n g  was used a g a in .  A ta n g e n t  to  th e  cu rve  was drawn a t
an a r b i t r a r y  p o in t  ( q) .  The ta n g e n t  was c o n s tru c te d  by p la c in g  a  mir.ror  
on the  curve w ith  the  r e f l e c t i n g  s u r f a c e  a t  r ig h t  a n g le s  to  the  p lane  o f  
th e  paper. The m irror was r o t a t e d  u n t i l  th e  tr a c in g  of th e  bend and i t s  
r e f l e c t i o n  formed an even cu rve .  At t h i s  p o in t ,  th e  p lan e  of th e  m i r r o r  
was a t  r i g h t  an g le s  to  th e  ta n g en t  o f  the  cu rv e .  The l i n e  (AB), 
r e p r e s e n t in g  th e  r e f l e c t i n g  s u r fa c e  o f  th e  m irror, was drawn onto the  
paper .  Next a p e rp e n d ic u la r  was dropped onto AB a t  th e  p o in t  Q where 
i t  i n t e r s e c t e d  w ith  the  cu rv e .  This p e rp e n d ic u la r  v/as a ta n g e n t  to  the  
curve a t  th e  p o in t  Q (F ig .  15)•
V alues f o r  d_ and e^ were th e n  measured. Although the  e r r o r  in  d^
i s  n e g l i g i b l e ,  s m a l l . in a c c u ra c y  in  co n stru ctio n  o f  th e  ta n g e n t  Q,P le a d s  
to  a p o t e n t i a l  e r r o r  in  th e  measurement o f  e^ . For t h i s  r e a so n  h ig h e s t  
and low est p o s s ib le  v a lu e s  fo r  t h i s  le n g th  a r e  g iv en .  These wore 
s u b s t i t u t e d  in  the  e q u a t io n
dgZ
^2 E T " ........................................................ (3 )
Using the  h ig h e s t  p o s s ib le  v a lu e - . fo r
minimum p o s s ib le  R. = " 606.2 u n i t s .eL 29  « 4
FIGURE 15
A diagram i l l u s t r a t i n g  th e  eq u i l ib r iu m  
s i t u a t i o n  i n  which b o th  th e  g l a s s  f i b r e  
and the  axopodium shown in  P la t e  43 a re  
b e n t .
_a
H —
O en
q :
C M
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Usine; f.he lovæ st p o s s ib le  v a lue  f o r  e^,
?j 5maximum p o s s ib le  R,., -  -  724*5 u n i t s .
(v i ) Young's Modulus f o r  th e  axopodium (EL)
Enough in fo rm a tio n  i s  now a v a ila b le  f o r  th e  c a l c u l a t i o n  of maximum 
and minimum p o s s ib le  v a lu e s  o f  E. f o r  th e  axopodium. S u b s t i t u t i n g  v a lu e s  
determ ined  above in  E q u a t io n  ( l )  ( th e  re a so n in g  u n d e r ly in g  the  s e l e c t i o n  
o f  v a lu e s  o f  a^ and a^ f o r  s u b s t i t u t i o n  i s  exp la ined  in  §(c,) o f  th e  D is­
c u s s io n )  5
R 1 a g  A
= E„.“ ( y - ) ‘' ............................................................................... (1)K-  ^ 2 *L
maximum -- 6.6  x 10^^ x x
= 1 X 10^^ dyne/cm^
2. minimum -  3 x: 10^'^ x x
-  5 X 10^^ dyne/cm^
Y oung's  Modulus f o r  t h i s  axopodium l i e s  in  the  range
_  1  V  / m m 25 X 1 0 ' '  -  1 X 10 dyne/cm .
D iscu ss io n
(a )  C y to s k e le ta l  r o le  o f  th e  axoneme
Axopodia a re  ex trem ely  long and t h i n  (d iam e te r  y e t
they  e l a s t i c a l l y  r e s i s t  bend ing . Both th e  axonecie and the  c e l l  membrane 
extend th e  f u l l  l e n g th  o f  axopodia . Thus i t  seems t h a t  s t r u c t u r a l  
support must be prov ided  by one o r  o th e r  o f  th e s e  components.
To d i s t i n g u i s h  betw een the  two a l t e r n a t i v e s  i t  i s  n ece ssa ry  to  
examine more c lo s e ly  th e  o b s e rv a t io n  t h a t  when bends g r e a t e r  th a n  70° a re  
made in  axopodia  th e  d i s t a l  p o r t io n s  o f  axopodia sw ivel and fu se  w ith  the  
proxim al p o r t i o n s .  At th e  time v/hen axopodia  sw iv e l ,  th e  e x t e r n a l  c e l l
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membrane i s  s t i l l  i n t a c t .  I t  seems l i k e l y  th a t  th e  c e l l  membrane a lo n e  
cannot su p p o r t  the d i s t a l  p o r t i o n  o f  t h e  axopodium. 'Therefore i t  i s  
p ro b ab le  t h a t  th e  axoneme i s  the s t r u c t u r e  m ainly  resp o n sib le  f o r  th e  
r e s i s t a n c e  to  bonding. In  t h i s  s i t u a t i o n  i t  i s  p o s s ib le  to  show, more 
d i r e c t l y  th a n  i n  any oth er, tha,t m ic ro tu b u le s  have c e r t a i n  p r o p e r t i e s  
which f i t  them f o r  t h e i r  sugges ted  c y t o s k e l e t a l  r o le .  They a r e  s t i f f  
and e l a s t i c .
The s t r u c t u r e  o f  th e  axoneme i s  c o n s i s t e n t  w ith  th e  suggested
f u n c t io n .  I t  i s  a  f a c t ,  w ide ly  a p p re c ia te d  amongst en g in eers, t h a t  a
tube  o f  a  p a r t i c u l a r  r a d iu s  and m a te r i a l  i s  both l i g l i t e r  and s t i f f e n  than
a rod o f  th e  same r a d iu s  and m a te r i a l  A lexander, 1971 ) .  The form o f
n i io ro tu b u le s  th erefo re  r e p r e s e n t s  an e x c e l l e n t  shape fo r  a s k e l e t a l  u n i t
o f  t h i s  ty p e .  The arrangement of m icrotubules in  th e axoneme >ias been
d isc u sse d  by K itc h in g  (1964). He concluded t h a t  th e  "double s p i r a l
asarrangem ent , although n o t  q u i t e  a s  e f fe c t iv o /a n  arrangem ent o f  m ic ro -  
tu b u le s  in  c o n c e n t r ic  c i r c l e s ,  i s  n e v e r th e le s s  one o f  th e  p a t t e r n s  most 
s u i te d  to  r e s i s t i n g  f l e x u r e  and t o r s i o n .
(b )  The s t r e n g th  o f  m a t e r i a l s  — a com uara tive  a n a ly s i s
Table VI c o n ta in s  v a lu e s  o f  Young's Modulus f o r  v a r io u s  m a te r i a l s .  
Those o f  animal o r ig i n  f a l l  in to  two d is t in c t  c l a s s e s .  The f i r s t  behove 
l i k e  s o f t  rubbers which have a h igh  r e s i l i e n c e  and a  v a lu e  f o r  Young's 
Modulus o f  about lo'^ dyne/cm^. The second a re  more r i g i d .  These have 
a  Young's Modulus g r e a t e r  th a n  10^ dyne/cm^ and a r e  s k e l e t a l  m a t e r i a l s  o f  
accep ted  im portance as  f o r c e  t r a n s m i t t e r s .  The va lue  o f  f o r  th e  
axoneme f a l l s  i n t o  th e  second c l a s s .  Thus th e  axoneme i s  an s t i f f  as  
th e  s k e l e t a l  m a te r i a l s  which occur i n  more bu lky  forms in  l a r g e r  m u l t i -  
c e l l u l a r  an im als  and hence m ic ro tu b u le s  ap p ea r  to  be w e l l  f i t t e d  to  t h e i r  
suggested  c y t o s k e l e t a l  f u n c t io n .  M ic ro tu b u le s  may be the  s t r o n g e s t  
o rg an ic  s t r u c t u r a l  s u p p o r t in g  m a te r i a l  i n  th e  animal kingdom.
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TABLE V I1 Young ' s Modulus f  o r  ya?:ipus nia t e r l a l s
Mat e r i a l YGung ' s Modulucj 
(dyne/cm^)
R eference
E l a s t i n 6 X 10^ B erg e l ,  1961
A bductin 1 . 4  X 1 0 ' K e lly  and Rj.ce, 1967
R e s i l i n 1 ,8  X 10? V7ei s-Fogh, 1961a
C o llagen 10^0 Harlmess, I 96I
Bone 10^^ Smith and V/aljr.sley, 1959
I n s e c t  c u t i c l e 10^-1 Jensen  and Vr’e is -F o g h ,  1962
Iv o ry
C ro s s - l ih k ed
1 .72  X 10^
5 X 10^':-lxl0"^
Gordon, I 968
m ic ro tu b u le s My v a lu e
L ig h t ly  vu lcan ­
iz ed  rubber 7 X 10^ F erry, 1970
Oak I qI I Hodgnan, I 965
G lass 3 -7  X l o l l My v a lue
Mild s t e e l 2 X 10^- Hodgman, I 965
I
K a r r i s  (1961) ca lcu la ted  t h a t  the couple r e q u i re d  to  head a c i l i u n  in t o  
an  a rc  of r a d iu s  was 5 x 10 dyne/cmf He made the  assum ption t h a t
th e  c e n t r a l  p a i r  o f  m icrotubules alone were re sp o n s ib e  fo r  m a in ta in in g  the
s t i f f n e s s  o f th e  c i l iu m .  This  enabled  him to  sugges t  a  v a lu e  o f  3 % 10‘"'“
dyne/cm ^ f o r  the Young’ s Modulus o f th e  c e n t r a l  p a i r  of m ic ro tu b u le s .
Allowing f o r  the  f a c t  t h a t  some s t i f f n e s s  i s  p robab ly  su p p lie d  by a l l
"9 2" c i l i a r y  m ic ro tu b u le s ,  and f o r  th e  f a c t  t h a t  because  o f th e ir
fu n c t io n  th ey  a r e  l e s s  l i k e l y  to  bo a s  f i rm ly  c r o s s - l i n k e d  as  the  m ic ro -
tu b u le s  in  the  h eliozoan  axoneme, H a r r i s ' s  va lue  i s  r e a so n a b ly  com patib le
w ith  my e x p e r im e n ta l ly  determ ined  v a lu e .  In  h i s * d i s c u s s io n  o f t h i s
a sp e c t  o f H a r r i s ' s (196I )  work, S le ig h  (1962) s t a t e s  th a t because  th e
Young's  Modulus of b io lo g ic a l  f i b r e s  i s  u n l ik e ly  to  exceed 10^ dyne/cm ^
the  r i g i d i t y  o f  the c i l iu in  i s  probably not su p p lied  by c i l i a r y  microtubules.
Ho su p p o r ts  an a l t e r n a t i v e  th e o ry  o f  H a r r i s ' s ,  which assumes t h a t  c i l i a r y
I
;
r e s is ta n c e  to  bending i s  supplied  by i n t e r n a l  tu rgor  p r e s s u r e .  R e fe r r in g  
to  Table VI, i t  i s  c l e a r  t h a t  S le ig h  i s  not e n t i t l e d  to  r e j e c t  tiio f i r s t  
.theory on th e  grounds th a t b i o l o g i c a l  f i b r e s  a re  u n l ik e ly  to  have s u f f i c i ­
en t  (E -  10^ dynes/bm^ ) r e s i s t a n c e  to  b end ing .
(sl) Assumptions and accu racy  o f the c a l c u l a t i o n  of  5^
A p o in t  which must be emphasised i s  t h a t  t h i s  experim ent was p e r ­
formed only  once. I t  e x p lo i te d  a v a i l a b l e  techn iques to  th e  l i m i t  and 
v/as made p o s s ib le  b eca u se ,  l u c k i l y ,  a  photograph  o f  an axopodium and 
g la s s  f i b r e  bending a g a in s t  each o th e r  was o b ta in e d .  Many o th e r  a t te m p ts  
to  r e p e a t  th e  experim ent were u n s u c c e s s fu l .  In  view o f  th e  im portance 
o f ob ta in in g  some d i r e c t  measurement of th e  s t i f f n e s s  o f  m ic ro tu b u le s  
even a s in g le  assessm ent i s  worth re c o rd in g .
At a l l  s ta g e s  in  th e  c a l c u l a t i o n ,  th e  e r r o r s  in t ro d u c e d  d u ring  
measurement were ta k e n  in to  account, by u s in g  a range o f  p o s s ib le  v a lu e s  
r a t h e r  than an average v a lu e . The most in a c c u ra te  measurements were 
th o se  o f  th e  d ia m e te rs  o f th e  ex trem ely  t h i n  axopodium and g l a s s  f ib r e .
The r a t i o  o f  th e s e  d ia m e te rs  i s  expressed  t o  the 4 th  power i n  E quation  ( l ) .  
In  t h i s  s i t u a t i o n  a  com parison of th e  h ig h e s t  p o s s ib le  v a lu e  o f  w ith  
the low est p o s s ib le  v a lu e  o f  and v ic e  v e r s a  would have r e s u l t e d  in  a  
m e an in g le ss ly  l a rg e  range o f  v a lu e s  f o r  . S ince a^ and were 
measured in  the same way i t  was assumed t h a t  e x c e s s iv e ly  la rg e  s.ssess-- 
ments o f  one would be  accompanied by p rop ortion ate ly  l a r g e  assessm en ts  fo r  
th e  o th e r .  S im ilar ly  i f  th e  assessm ent o f one was e x c e s s iv e ly  low i t  v/as 
assumed t h a t  assessm ent o f  the  o th e r  would a l s o  be p ro p ortion ate ly  low. 
Hence where th e  maximum v a lu e  o f a^ was used in  E quation  ( l )  th e  maximum 
va lue  o f  was a l s o  used . The minimum v a lu e s  were used to g e th e r  in  th e
same way. In  fa c t  i t  seems q u i t e  re a so n a b le  that i f  fo r  some rea so n  the 
image o f  th e  axopodium i s  to o  broad ( e .g .  a s  a  r e s u l t  o f  poor fo c u s )  th en  
the  image o f  th e  g l a s s  f ib r e  w i l l  a l so  be too broad.
The v a l i d i t y  o f  E quation  ( l )  a s  a d e s c r i p t i o n  o f  th e  axopodium /glass 
f i b r e  s i t u a t i o n  depends upon th e  a p p ro p r ia te n e s s  o f  c e r t a i n  assum ptions. 
E quation  ( l )  has  been, fo rm u la ted  f o r  th e  bending  o f  narrow beams. The 
beams (axopodium and g l a s s  f i b r e )  must be th i n .  T h is  requ irem en t i s  
ad eq u a te ly  s a t i s f i e d  b ecau se  th e y  a r e  about 2 '^Vi t h i c k .  As th e  m easure­
ments show, th e  d e g re e s  o f t a p e r in g  o f  th e  axopodium and g l a s s  f i b r e  in  
the  b en t re g io n s  a r e  n e g l i g i b l e .  The axopodium and g l a s s  f i b r e  may be 
c o n s id e re d  as  having  a  unifo rm  c r o s s - s e c t i o n ,  which i s  a  f u r t h e r  r e q u i r e ­
ment of th e  e q u a t io n .  I n  o rd e r  to  s a t i s f y  the  e q u a t io n .  Young's Modulus 
should  be uniform  a c ro s s  th e  c r o s s - s e c t i o n  o f  the  beams. The c o n s ta n t  
spac ing  o f  tu b u le s  in  axonemes s u g g e s ts  t h a t  t h i s  i s  l i k e l y  to be th e  
c a se ;  th e  axopodium and th e  g l a s s  v.dll presumably have a  c o n s ta n t  com­
p o s i t i o n  and hence modulus o f  e l a s t i c i t y ,  th roughout.
iVn e q u a t io n  more a c c u r a te l y  s a t i s f y i n g  th e  ex p e r im e n ta l  s i t u a t i o n  
would in c lu d e  an a l low ance fo r  th e  e f f e c t  of change in  shape o f  th e  beams 
as  th ey  bend. In  p r a c t i c e ,  f o r  e n g in e e r in g  m a t e r i a l s ,  t h i s  a l t e r s  th e  
d e f l e c t i o n  by something l i k e  5/- (A lexander,  1971)• As Equation  ( l )  
compares two beams, which i n  t h i s  case  a r e  o f  s i m i l a r  d im ensions and 
s t i f f n e s s ,  th e s e  sm all e f f e c t s  on th e  r a d i i  of curvature of th e  g l a s s  
f i b r e  and th e  axopodium w i l l  tend  to  c a n c e l  each o th e r  out and so can 
p robab ly  be ig n o red .  I i .n a l ly ,  E quation  ( l )  assumes t h a t  3. i s  th e  same 
du r in g  te n s io n  as i t  i s  f o r  com pression . There i s  no a v a i l a b l e  ev idence 
t h a t  b o a rs  d i r e c t l y  on t h i s  p o in t  f o r  m ic ro tu b u le s .  However, th e  two 
e l a s t i c i t i e s  a r e  the  same f o r  i n s e c t  c u t i c l e  (Jenson and ’«Veis-Fogh, I 962) 
In  th e  e x p e r im en ta l  s i t u a t i o n  th e  s t r a i n  in  the axopodium and th e  g l a s s  
f ib re ,  v/as sm a ll .  T h is  te n d s  to  m inim ise e r r o r s  such as th e  l a s t  tv/o 
d e sc r ib e d  above.
mCHAPTER V 
FBGDIHG REACTIONS
I n t r o du c t io n
H eliozoans a re  v o ra c io u s  p r e d a to r s .  They feed om nivorously on 
f l a g e l l a t e s ,  c i l i a t e s ,  a lg a e  (Woston, I 856 ; Penard, 1.904), and even 
small metazoans such as  r o t i f e r s  ( l e i d y ,  1879)5 copepods (S ragesco , I 964) 
and g a s t r o t r i c h s  (Bovee and C o rd e l l ,  1971)* Although Actiriophrys  
acc e p t  a wide range o f  "food organism s, hooper ( l9 2 8 ) has  shown th a t  they  i
' Îe x h ib i t  a p re fe re n c e  f o r  sm all  moving prey such as  the  s m a l le r  c i l i a t e s
,ï;and f l a g e l l a t e s .  S ize  and s t r e n g th  o f  p o t e n t i a l  p rey  are two f a c t o r s  
l i m i t i n g  th e  c a p tu re  o f  food organisms by an i n d i v id u a l .  However, sm all 
g roups o f  A c tin o phr ys c o o p e ra te  and subdue prey which one organism would i
be unable  to  cap tu re  alone (hooper, 1928). Because c e r t a i n  c i l i a t e s  
( e .g .  N assu la  s p . ) ,  which a r e  e v id e n t ly  s u i t a b l e  a s  prey by c r i t e r i a  o f  1;
s i z e  and s t r e n g th ,  a r e  n o t  cap tu red  by A ctinoph rys ^hooper, 1928) i t  i s  {7
c l e a r  t h a t  o th e r  p rey  s e l e c t i o n  f a c t o r s  e x is t  which have y e t  to  be 
d is c o v e re d .
I t  i s  g en era lly  agreed  th a t  food c a p tu re  in v o lv e s  axopodia . P rey  ^
organisms which c o l l i d e  w ith  axopodia adhere to  them and so become
r e l a t i v e l y  im mobilised (Leidy , 1879) • I t  seems p o s s ib le  t h a t  the 
adhes ive  i s  a  p roduct o f  th e  h a p to c y s t s .  Opinion i s  d iv id ed  as to  w.
w hether o r  n o t  a to x ic  p a r a ly s in g  e f f e c t  i s  ex e r ted  on p rey  organisms 
(Penard, I 9O4 ; K i tc h in g ,  I 96O), Bragesco (1964) has  summarised th e  
ev idence i n  t h i s  deba te  and concludes  t h a t  m a te r i a l  which causes  organism s 
t o  s t i c k  t o  axopodia might a l s o  have a p a r a ly s in g  a c t io n  which i s  more
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e f f e c t i v e  a g a in s t  some s p e c ie s  o f  prey organism th a n  o th e r s .  This 
o p in ion  i s  supported  by h i s  o b se rv a t io n s  t h a t  some o rgan ism s, v/hich a re  
p a s s iv e  d u r in g  t h e i r  c a p tu r e ,  r e g a in  t h e i r  a c t i v i t y  when enclosed  i n  a 
food v acu o le .
Captured  organisms move c l o s e r  to  the c e l l  body o f  th e  h e l io z o a n .  
There a r e  s e v e ra l  means by which t h i s  i s  accom plished . The most 
s p e c t a c u l a r  i s  by r a p id  c o n t r a c t i o n  o f  th e  axopodia ,w hich  i s  d e s c r ib e d  
f o r  th e  f i r s t  tim e i n  t h i s  c h a p te r .  Small f l a g e l l a t e s  a r e  " c a ta p u l te d "  
towards th e  b ase s  o f  th e  axopodia a s  a r e s u l t  o f  t h i s  fe e d in g  r e a c t i o n .
Wlien th e  prey i s  b ro u g h t c lo s e  (w i th in  about 3 0 ^m ) to  th e  c o l l  
body, as gl r e s u l t  o f  any o f  th e  p o s s ib le  mechanisms, i t  i s  engu lfed .
There i s  a rap id  outgrowth o f  s h e e ts  o f  cytoplasm  e i t h e r  from the  b ase  o f  
an axopodium o r  from the  c e l l  body. These s h e e ts  o f  cy toplasm  surround  
th e  p rey  and form a, food v acu o le .  D ig e s t io n  of the  food proceeds w i th in  
the vacu o le  and i s  no rm ally  com plete w i th in  8 h r  (Penard , I 904 ). Undiges­
ted  rem nants can be  e x p e l le d  from the  c e l l  a t  any p o in t  on i t s  s u r f a c e  in  
one sudden movement.
R e s u l t s
(a )  Feeding, r e a c t io n  to  sm all f l a g e l l a t e s
This  feed in g  r e a c t i o n  i s  f a i r l y  s p e c i f i c .  I t  o ccu rs  when th r e e  
s o e c ie s  o f  Ochroraonas and one s p e c ie s  o f  Chlaraydomorias (see  M a te r i a l s  and 
Methods) a re  cap tu red  and in g e s te d .  These f l a g e l l a t e s  a re  a l l  rough ly  
s p h e r i c a l  in  shape and have a  d ia m e te r  o f  about lO- '^V.. The r e a c t io n  i s  
no t e l i c i t e d  by th e  pyrifo rm  c i l i a t e  Tetrahyraena ( le n g th  about 3 0 ^ni), n o r  
does i t  occu r  in  re sp o n se  to  mechanical s t im u la t io n s  o f  v a r io u s  i n t e n s i ­
t i e s  w ith  g l a s s  m ic ro n eed le s ,
When one o f  th e  f l a g e l l a t e s  mentioned above c o n ta c t s  a s in g le  
axopodium n e a r  i t s  t i p ,  th e  l a t t e r  suddenly  s h o r te n s  in  a f r a c t i o n  o f  a
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second a t  a speed to o  r a p id  tn  be fo llow ed by th e  eye. The axopodium
c o n t r a c t s  from a normal le n g th  o f  12U-iyO/\a to  a f i n a l  l e n g th  in  th e
range 2 0 - 5 0 ( P l a t e  45)* The stump o f  th e  axopodium a f t e r  c o n t r a c t io n  
i s  no t h i c k e r  a long  most o f  i t s  le n g th  th a n  i t  was p r e v io u s ly ,  bu t i t  has  
a  sw ollen  t i p ,  so t h a t  i t  resem bles  a d ru m -s t ic k  in  shape (P la te  45)*
As th e  axopodium c o n t r a c t s ,  th e  f l a g e l l a t e  i s  drawn down suddenly  towards 
the  c e l l  body o f  th e  organism . Presumably th e  f l a g e l l a t e  was a t ta c h e d  
to  the  axopodium a t  th e  p o in t  o f  i n i t i a l  c o n t a c t .  By th e  time the  
r e t r a c t i o n  i s  complete the  f l a g e l l a t e  i s  no lo n g e r  a t ta c h e d  to the  
axopodium. The f l a g e l l a t e  rem ains s t a t i o n a r y  and i s  engu lfed  by a fo o d -  
cup ( P la t e  46 ) v/hich su rrounds  i t  more c l o s e l y  than  the  food-cups v/hich 
surround c i l i a t e s  p r i o r  to  t h e i r  in g e s t io n .
Imm ediately a f t e r  i t  h a s  c o n t r a c te d ,  th e  axopodium s t a r t s  to  grow
out a g a in  ( P la t e s  51-53/ a t  an i n i t i a l  r a t e  o f  abou t 19 min (P ig ,  16).
The s w e l l in g  a t  th e  t i p  o f  th e  axopodium rem ains w i th in  a few of the 
t i p  b u t  g r a d u a l ly  becomes sm a l le r  and more p o in te d .  M ith in  5 min o f  th e
s t a r t  o f  growth, th e  sw e l l in g  i s  no lo n g e r  n o t i c e a b l e .  As th e  axopodium 
grows lo n g e r  i t s  r a t e  o f  e lo n g a t io n  d e c re a s e s .  T h is  a s p e c t  o f  the  r e ­
sponse y.dll be d e a l t  vfLth in  g r e a t e r  d e t a i l  in  the  nex t c h a p te r .
(b) Feeding  r e ac t i o n  to  t he c i l i a t e  T e t  r  a h y m e n a
When the  c i l i a t e  Te t ra h ymena en co u n te rs  an axopodium i t  adheres  to  
i t .  As th e  organism s t r u g g le s  t h i n  s t r a n d s  o f  m a te r i a l  can be seen 
co n n ec tin g  i t  to  the axopodium and c o a t in g  some o f  th e  c i l i a t e '3  s u r fa c e .  
Because s im i l a r  m a te r i a l  i s  seen on m ic ro n eed les  a f t e r  m icro .m anipulaticn  
experim ents  i t  seems l i k e l y  t h a t  t h i s  m a te r i a l  i s  a p roduc t o f  axopodia. 
Tetrahymena f r e q u e n t ly  become more enmeshed by t h e i r  own s t r u g g le s  as  th ey  
encoun te r  more axopodia and so move n e a r e r  to  th e  c e l l  body. On o th e r  
o c c a s io n s ,  when they  a r e  p a s s iv e ,  T etr a hymena move a lo n g s id e  axopodia to ­
wards th e  c e l l  body slow ly f o r c in g  n e ighbou ring  axopodia a p a r t .
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A cy top lasm ic  p ro c e s s  grows ou ’., from a p o in t  n e a r  to  th e  To trahymena 
on th e  s u r f a c e  o f  th e  c e l l  body. I t  waves around in  s e v e ra l  d i r e c t i o n s  
a p p a re n t ly  a t  random, u n t i l  i t  e n co u n te rs  th e  c i l i a t e .  The membrane then  
forms a food-cup which su rrounds  the  c i l i a t e  (-Plate 47/ and fu se s  to  form 
a  food v a c u o le .  Tetrahym ena a re  o f te n  seen in s id e  food v acu o les  w ith  
c i l i a  s t i l l  b e a t in g  at l e a s t  15 min a f t e r  they have been engu lfed .  
O ccas io n a lly  Tetrahymena break fr e e  and escape .  When t h i s  occurs  food-  
cups do no t immediately withdraw b u t  co n t in u e  t h e i r  "blind search" fo r  
the departed T e tr ^ ^ o n a .
(c_) Feeding r e a c t io n  induc ed by inan im ate  m a te r ia l
To ensure  t h a t  the  means by which organisms such as  Tetrahymena 
move c l o s e r  to  the c e l l  body i s  not dependent on movement of th e  T e t r a -  
hymenci them se lves ,  A c tinoph rys  was fed w ith  inanim ate m a t e r i a l .  I n i t i ­
a l ly  sm all l a t e x  p a r t ic le s  (2.68^m  d ia m e te r )  were added to  c u l tu r e  medium 
which con ta ined  a c t i v e l y  f e e d in g  organism s. These do n o t  induce a 
feed in g  response  in  A o tinonhrys  but are in g e s te d  by Tetrahymena as M u elle r ,  
R bhlich  and Tbà?b (1965) have n o te d .  I f  âephadex beads (diam eter lO-AO^V.) 
which have haemoglobin adsorbed  to  t h e i r  su rfaces (by immersion i n  a 
s o lu t io n  o f  about 5 c r y s t a l s  o f  haemoglobin d is s o lv e d  in  10 ml cu ltu re  
medium) a re  in tro d u ced  in t o  r in g  p r e p a r a t io n s  con ta in in g  A ctinoph rys , 
th ey  o c c a s io n a l ly  e l i c i t  a  f e e d in g  re sp o n se  ( P la t e s  48-50)« The p eriod  
from c a p tu re  t o  in g e s t io n  l a s t s  from 10-20 min, approx im ate ly  tw ice  a,s 
long  as th e  p e r io d  re q u ire d  to  in g e s t  a c i l i a t e .
■ The Sephadex beads move slow ly along ancopodia in  a c e n t r i p e t a l  
d i r e c t i o n .  O ccas iona lly  axopodia appear to  move.apart as  a bead approa­
ches th e  c e l l  body. A food vacuole i s  then  formed in  th e  normal way b u t  
i t  t i g h t l y  en c lo se s  th e  Sephadex bead . C e r ta in  re g io n s  o f  the  s u r fa c e  
o f the  c e l l  n e a r  to  th e  p o in t  o f  in g e s t io n  a re  r a i s e d  up (P la t e  48) i n t o  
small c lub -shaped  p ro c e sse s  which a re  about 5^ *^^  i n  le n g th .  Mi t h i n  1 h r
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from the  t im e  o f  engulfm ent a l l  the Sephadex heads have been e g e s te d ,
(d) Egested mat e r i a l
M a te r i a l  e g es te d  from the  c e l l  body moves out a long  axopodia at a 
r a t e  of about 60^ni min” "‘. The d i s t a l  movement c e a se s  when such m a te r i a l  
re a c h e s  the  t i p s  o f  axopodia . On one o cca s io n ,  a  roughly  s p h e r ic a l  mass 
o f t h i s  eges ted  m a te r i a l  was a p p a re n t ly  a t ta c h e d  to  two aocopodia because ,  
as  th e  m a te r i a l  moved d i s t a l l y ,  th e  two axopodia were p u l led  to g e th e r .  
A f te r  th e  m a te r i a l  had moved about 20'^^ m b o th  o f  th e  axopodia became f r e e d  
and re tu rn e d  to  t h e i r  o r i g i n a l  s t r a i g h t  form.
D iscu ss io n
(a )  Rapid c o n t r a c t io n  o f  axooodia
The ra p id  c o n t r a c t i o n  r e p o r te d  h e re  takes p la c e  in  a much s h o r t e r  
t im e (a f r a c t i o n  of a  second) th a n  any c o n t r a c t io n  p re v io u s ly  re p o r te d  
f o r  th e  axopodia o f Ac t in o p h ry s  o r  i t s  c lo se  r e l a t i v e  S ch inosrhaanum.
O ther c o n t r a c t i o n  r a t e s  r e p o r te d  f o r  th e se  h e l io z o a n s  vary  from a few  
seconds to  several, m inu tes  (Bovee and C o rd e l l ,  19 7 ij  T i ln e y ,  1971)•
Rapid c o n t r a c t i o n s  o f  a s i m i l a r  type have been r e p o r te d  fo r  axopodia o f  
th e  h e l io z o a n  H e te ro p h ry s , and th e  h e l i o f l a ,g e l l a t e  C i l io p h ry s  (Davidson,
1969) .  The time taken  fo r  such c o n t r a c t i o n  has  been a s se s se d  f o r  H e te ro ­
phrys u s in g  h igh -speed  cinem atography. Axopodial c o n t r a c t i o n  i s  com­
p le te d  in  only  50 m i l l i s e c o n d s  (L. Davidson, p e rso n a l  communication)*
The arrangem ent o f  m ic ro tu b u le s  in  th e  axonemes o f  H ete ronhrys  (B arde le ,
1970) i s  d i f f e r e n t  from the  "double s p i r a l "  p a t t e r n  found in  A c tin o p h rfs  and 
Echino sphserium.
hooper (1928) might have d isco v e re d  t h i s  phenomenon had he had the  
advantage o f  p re se n t-d a y  o p t i c s .  He n o t ic e d  t h a t  when A ctinophrys  f e e d s
“ o2 -
on E ug lena , th e  f l a g e l l a t e s  o f te n  make a "sudden jump" tow ards th e  c e l l  
body.
The sh o r te n in g  may in v o lv e  v i r t u a l l y  in s ta n ta n e o u s  breakdown o f  
l e n g th s  o f  m ic ro tu b u le s  in  excess o f  100 f o r  th e  fo l lo w in g  r e a s o n s .
The sho rtened  le n g th  o f  th e  axoneme i s  l e s s  th an  h a l f  th e  i n i t i a l  l e n g th  
and i t s  base  i s  covered by the  n u c le a r  envelope . The b a s a l  p o r t i o n  o f
an axopodium i s  no t h i c k e r  a f t e r  r a p id  c o n t r a c t i o n  th a n  i t  was b e fo re  
c o n t r a c t io n  took  p la c e .  These f a c t o r s  rnalce i t  u n l i k e ly  t h a t  the  
mechanism i s  one o f  s l i d i n g  o r  rep ack in g  o f  m ic ro tu b u le s ,  f o r  th e re  i s  
apparently n o t enough space f o r  a l l  th e  tu b u le s  to  pack o r  s l i d e  i n t o .  
Evidence concern ing  th e  r a t e  o f  regrow th  o f  th e  axopodium, which w il]  be 
p re se n te d  in  C hap ter  V I, i s  a l s o  more c o n s i s t e n t  w ith  m ic ro tu b u le  b re a k ­
down r a t h e r  th an  m ic ro tu b u le  s l i d i n g .
The s w e ll in g  a t  the  t i p  o f  th e  c o n t ra c te d  axopodium may p o s s ib ly  
c o n ta in  s u b u n i ts  r e le a s e d  a s  a  r e s u l t  o f  tu b u le  breakdown. I f  so , t h e r e  
a re  c l e a r l y  i n s u f f i c i e n t ,  s u b u n i ts  c o n ta in ed  in  i t  to  a l lo w  re fo rm a t io n  o f  
a whole axoneme because  th e  s w e l l in g  has d isap p ea red  long  b e fo re  the 
axopodium has  grown out a g a in  com ple te ly .  Furtherm ore , th e  volume of  
th e  sw e l l in g  i s  l e s s  th a n  the  volume o f  th e  sho rtened  p o r t i o n  o f  the 
axopodium. There a r e  s e v e ra l  r e p o r t s  t h a t  micro tu b u le s  in  ba,sal p o r t io n s  
o f  Fich inosphagrium axopodia  a r e  more r e s i s t a n t  to a v a r i e t y  o f  t r e a tm e n ts  
than  a re  the d i s t a l  p o r t i o n s  ( f o r  example, Shigenaka, Roth and F i h l a j a ,
1971). T h e re fo re  th e  c o n d i t io n s  which suddenly  induce m ic ro tu b u le  b r e a k -  
dovm a re  n o t  n e c e s s a r i l y  r e s t r i c t e d  to  th e  reg ion  d i s t a l  to  th e  stump o f  
th e  c o n t ra c te d  axopodium. A re c e n t  r e p o r t  has shown t h a t  low ering  th e  
c o n c e n t r a t io n  of Ggi io n s  by th e  a d d ition  o f  E.G.T.A. fa v o u rs  th e  p o ly ­
m e r i s a t io n  o f  p u r i f i e d  p ig  b r a i n  t u b u l in  i n  v i t r o  (V/eisenberg, 1972).
I t  i s  p o s s ib le  t h a t  some change, such as  a  sudden i n f l u x  o f  Ca io n s  i n t o  
th e  cy toplasm  o f th e  axopodium, promotes th e  ex trem ely  r a p id  breakdown o f  
axonemes. P re l im in a ry  ex p er im en ta l  a p p l i c a t i o n s  o f  E .G.T.A. (sec
- -  63 “
M a te r i a l s  and Methods) to  A ctinoph rys caused an unusual e f f e c t .  Axopodia 
sh o r te n  by v a ry in g  amounts b u t  f r e q u e n t ly  a lso  buck le  a t  two or  th re e  
p o in t s  a long  t h e i r  le n g th .  A f te r  t h i s  in s ta n ta n e o u s  r e a c t i o n ,  axopodia 
remain i n . t h e  same form w ith o u t  f u r t h e r  lo s s  of le n g th  f o r  s e v e ra l  minutes 
( P la t e s  90, 9 l ) .
I t  should be emphasised t h a t  work i s  done by th e  c o n t r a c t i n g  axo­
podium because  th e  f l a g e l l a t e  i s  moved. The sh o r te n in g  i s  t h e r e f o r e  a, 
c o n t r a c t i o n ,  n o t  simply a breakdown. I f  th e  e x te rn a l  membrane o f  the  
■axopodium i s  under t e n s io n  i t  m ight a c t  as  an energy s t o r e  f o r  th e  con­
t r a c t i o n .  Removal o f  axonemal m ic ro tu b u le s  would th u s  a llow  the  membrane 
to  c o n t r a c t  drawing th e  d i s t a l  p o r t io n  o f  th e  axopodium n e a r e r  to  the  c e l l  
body. An a l t e r n a t iv e  s u g g e s t io n  i s  t h a t  s u r fa c e  te n s io n  e f f e c t s  p ro v id e  
th e  energy f o r  th e  c o n t r a c t i o n .
(b) Movement o f  o b je c t s  a lo n g s id e  a.xoj>odia
I t  i s  p o s s ib le  t h a t  th e  r a p i d - c o n t r a c t io n - f e e d i n g  re sp o n se  i s  
in a d eq u a te  to  c a p tu re  p rey  which have a g r e a t e r  i n e r t i a  th a n  the sm all 
f l a g e l l a t e s .  This could be e i t h e r  because  the  fo rc e  g e n e ra te d  i s  n o t  
s u f f i c i e n t  t o  move them o r  because  th e  adhes ive  a t  th e  p o in t  of c o n ta c t  
i s  no t s t ro n g  enough to  w i th s ta n d  th e  s t r a i n  o f  a c c e l e r a t i n g  such a l a r g e  
o b je c t  so r a p id ly .  Since Qchromonas o f te n  become de tached  from axopodia 
d u r in g  th e  axopod ia l c o n t r a c t i o n ,  th e  l a t t e r  p o s s i b i l i t y  seems th e  most 
l i k e l y .
One means by which A c tinoph rys t r a n s p o r t s  l a r g e r  prey  to  the  c e l l  
body i s  o c c a s io n a l ly  seen d u r in g  th e  Tetrahymena- f e e d in g  re sp o n se .  T h is  
mechanism i s  most c o n v in c in g ly  dem onstra ted  when i n e r t  p a r t i c l e s  a re  
i n g e s te d .  C e n t r i p e t a l l y  d i r e c t e d  " g l id in g  movements" o f  p rey  a lo n g s id e  
axopodia have been n o t ic e d  p re v io u s ly  b u t  th e  t r a n s p o r t  mechanism, invo lved  
i s  n o t  unders tood  (K i tc h in g ,  I 96O). S im i la r  movements a l s o  occur i n  th e  
o p p o s i te  d i r e c t i o n .  K i tc h in g  (I.962) n o t ic e d  t h a t  c e r t a i n  t re a tm e n ts
— 6/) "
induced a " sk in "  to  l i f t  o f f  th e  c e l l  s u r fa c e  and m ig ra te  out along 
axopodia a t  a  r a t e  o f  20^\n min T his  " sk in "  v/as p robab ly  the product 
o f  th e  d is c h a rg e  o f  a  l a r g e  number o f  h a p to c y s t s .  E gested  m a te r i a l  
a l s o  moves d i s t a l l y  a long  axopodia in  a s im i l a r  manner b u t  a t  a f a s t e r  
r a t e  (60 min ^').
These movements a re  s im i l a r  in  some ways to  th e  b i d i r e c t i o n a l  
s tream ing  of th e  h a p to c y s t s  a long  th e  axopodia  w i th in  th e  c e l l  membrane 
( r a t e  o f  movement abou t 5 0 ^m rain ^ ) .  I t  i s  p o s s ib le  t h a t  b o th  ty p e s  o f  
movement a re  produced by the  same mechanism. C o n s id e ra t io n  o f  th e  
sequence of  e v en ts  which occur when a  haptocyst d is c h a rg e s  w i l l  make t h i s  
c l e a r .  Each h a p to cy s t  i s  bounded by a membrane. The cause  o f  h a p to -  
c y s t  movement i s  n o t  knov/n; i t  m ight depend on an i n t e r a c t i o n  between 
m ic ro tu b u le s  in  the  axoneme and th e  h a p to c y s t  membrane. In  o rd e r  f o r  
th e  h a p to c y s t  to  d is c h a rg e ,  i t  must f i r s t  fu s e  w ith  or p e n e t r a t e  the  
axopod ia l membrane and open to  th e  e x t e r i o r .  Presumably, the  c o n te n ts  
o f  th e  h a p to c y s t  then  s p i l l  ou t and cau se  th e  Tetrahymena to  adhere  to  th e  
h a p to c y s t  membrane. I f  t h i s  area o f  h a p to c y s t  membrane i s  s t i l l  capab le  
o f  movement d i r e c t e d  by th e  same fo rc e  t h a t  opera ted  p r i o r  to  d is c h a rg e ,  
th e  Tetrahymena w i l l  a l s o  move.
O ther cases  have been  re p o r te d  where membrane-bounded s t r u c t u r e s  
move p a r a l l e l  to  the  l o n g i t u d i n a l  axes  o f  m ic ro tu b u le s .
Vdion a lg a e  a re  ta k e n  in  by th e  c i l i a t e  Nassu la  (Tucker, 196b), th ey  
a r e  enc losed  w ith in  membrane-bounded in v a g in a t io n s  of th e  c e l l  membrane. 
Algae move in to  th e s e  organism s th rough  complex m ic ro tu b u la r  feed in g  
o r g a n e l le s  c a l l e d  cy to p h ary n g ea l  b a s k e ts .  Kubai and P is  (1969) have 
shown t h a t  in  th e  d i n o f l a g e l l a t e  Gyrodinium chromosomes move to  th e  p o le s  
o f  n u c le i  w i th in  an i n t a c t  n u c le a r  envelope d u r in g  n u c l e a r  d i v i s i o n .
The chromosomes fomi V-shaped c o n f ig u ra t io n s  in  th e  nucleoplasm  a d ja c e n t  
to  th e  n u c le a r  envelope w a l l s  which surround tourneI s  o f  cytoplasm  which 
extend from one po le  o f  the  n uc leus  to  th e  o th e r .  These cy top lasm ic
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tiinnelij c o n ta in  s p in d le  micro tu b u le s .
I f  th e r e  i s  a, s i n g l e  fo re  0“ prod a c t  ion  system o f  t h i s  type  which 
cau ses  movements a lo n g s id e  axopodia .it could a l s o  be r e s p o n s ib le  f o r  th e  
s e p a ra t io n  of  f r e e - f l o a t i n g  d au g h te r  Actinophr.ys  d u r in g ' b in a ry  f i s s i o n  
(C hapter I I ) .
(ü) S t im u la t io n  o f  food-cup  p ro d u c t io n
K itc h in g  ( 196O) in v e s t i g a t e d  th e  fo rm a tio n  o f  food -cups  in  A ctin o -  
ph rys . He concluded t h a t  the  most e f f e c t i v e  s t im u lu s  f o r  food-cup 
p ro d u c t io n  i s  a, com bination o f  chem ical and m echanical s t i m u l i .  The 
o b s e rv a t io n  t h a t ,  once fo rm atio n  h as  been  s t im u la te d ,  a  food-cup wd.ll go 
on ex tend ing  f o r  s e v e ra l  m inu tes  a f t e r  th e  prey  has  escaped , i n d i c a t e s  
t h a t  t h i s  r e a c t i o n  once i n i t i a t e d  i s  n o t  c lo s e ly  c o n t r o l l e d .
CHAPTER VI
COOLING EFFECTS AND RECOVERY FROM COLD TREATMENT
In t r o d u c t io n
A r e d u c t io n  in  te m p e ra tu re  (below about 4°C) causes  th e  breakdown 
o f  m ic ro tu b u le s  o f  many ty p e s .  I t  i s  more damaging to  c e r t a i n  ty p es  of 
cy top lasm ic  tu b u le s  th a n  to  th o se  o f  c i l i a  and f l a g e l l a  (Sehnke and 
Forer, 196?) .  H eliozoan  axonomal tu b u le s  behave l i k e  the  form er ty p e ;  
they  b reak  down and th e  axopodia o f  Echinosphiecium s h o r te n  when th e s e  
organisms a re  cooled to  (T i lney  and P o r t e r ,  1 9 6 j) .
P r i o r  to  th e  s tudy  p re s e n te d  h e r e ,  no inform ation about the r a t e  
of outgrow th o f  axopodia in  organisms recovering from low tem p era tu re  
t r e a tm e n ts  was a v a i l a b l e .  The two p ioneering  e l e c t r o n  m icroscop ic  
s tu d ie s  o f  th e  p ro cess  o f  m icrotubule p a t t e r n  reform ation which have been  
made, in  which organism s were f ix e d  a t  timed i n t e r v a l s  during th e  reforma- 
t i o n  o f  axonenies o f  th e  h e l io z o a n s  Echinosphaerium and Raphidiophry s  from 
low te m p era tu re  t r e a tm e n t ,  a llow  few c o n c lu s io n s  to  be drawn (T iln ey ,
1967» T i ln ey  and P orter , 1971; see a l s o  D is c u s s io n ) .  Thus in  an 
a t tem p t to  come to  a  f u l l e r  understanding o f  th e  p ro c e s s e s  o f  axopodia l 
outgrowth, axonemal le n g th  determ ination , m icro tu b u le  i n i t i a t i o n ,  and 
m ic ro tu b u le  p a t t e r n  fo rm a t io n ,  a s tu d y  o f  the  recovery o f  Actii 
from v a r io u s  c o o l in g  treatm ents was undertaken .
R e s u l t s
(a )  Outgrowth of axopodia a f t e r  cold treatm ent
Changes i n  the  le n g th s  o f  axopodia a re  b e l ie v e d  to  represent
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changea in  th e  le n g th s  o f  t h e i r  micro tu b u l a r  axonernes because  axonemes 
in v a r i a b ly  extend th e  f u l l  le n g th  o f  axopodia.
Organisms m a in ta in ed  a t  0^0 f o r  45 min po ssess  few er axopodia th a n  
organisms a.t room te m p e ra tu re  (20°C). These axopodia sh o r te n  from 
i n i t i a l  le n g th s  which a re  o ften  g r e a t e r  than 1 ^0 ^m to  le n g th s  which a re  
u s u a l ly  l e s s  th a n  30-^\n ( P l a t e  54 )« Extending  th e  p e r io d  o f  trea,tm ent 
a t  0°C to  4 h r  p roduces  no f u r t h e r  s u b s t a n t i a l  sh o r te n in g  o f  axopodia.
To a n a ly se  th e  reco v e ry  o f  organisms from co ld  t r e a tm e n t ,  p re p a ra ­
t i o n s  were removed from c o n ta in e r s  of m e lt in g  i c e  and p laced  on th e  s ta g e  
o f  th e  m icroscope . Thermocouple r e a d in g s  i n d i c a t e  t h a t  th e  small d rops  
of c u l tu r e  medium c o n ta in in g  organisms warm up, a t t a i n i n g  a s t a b l e  f i n a l  
te m p e ra tu re  o f 2l ° 0 , which i s  about l^C h ig h e r  th a n  room te m p era tu re  
(20^0 ) ,  w i th in  about 4 min (F ig .  I 7 ) .  The axopodia o f  organisms i n  such 
p r e p a r a t io n s  s t a r t  to  i n c r e a s e  in  len gth  im m ediately  a f t e r  removal from 
cold  (F ig .  17) .  The r a t e  o f  outgrowth rea c h e s  a  maximum (approx.
1 0 ^m min about 4 min . a f t e r  removal from the  ic e  c o n t a in e r .  For some 
tim e a f t e r  t h i s ,  outgrowth c o n t in u e s  a t  a uniform r a t e  o f  about 6 ^\a min 
(F ig .  17 ) .
Once i t s  axopodia have grown to  s. c e r t a i n  len g th , an o rgan ism ’s 
normal r o l l i n g  movement (W atte rs ,  I 968) recommences. T h is  makes i t  
im p o ss ib le  to  o b ta in  a c c u r a te  measurements o f  th e  v a r i a t i o n  i n  l e n g th  o f  
s in g le  axopodia over long  p e r io d s .  Assessm ents o f  outgrow th r a t e s  over 
r e l a t i v e l y  long p e r io d s  ( g r e a t e r  th an  20 min) can be made by p l o t t i n g  th e  
average  le n g th s  o f  lo n g e s t  v i s i b l e  axopodia in  s e v e ra l  organism s a t  
v a r io u s  t im es  a f t e r  t e rm in a t io n  o f  th e  c o o l in g  t r e a tm e n t  (F ig .  16). 
Apparent in s ta n c e s  o f sh o r te n in g  in  F ig u re  16 may be ex p la in ed  by th e  
v a r i a t i o n s  in  le n g th  between axopodia which a re  o f t e n  q u i t e  marked d u r in g  
th e  outgrow th  o f  an o rg a n ism 's  axopodia a f t e r  cold t r e a tm e n t .  Using 
average  l e n g th  measurements, th e  r a t e  o f  outgrow th o f  axopodia  ap p ea rs  to  
d ec re a se  a s  axopodia become lo n g e r  (F ig .  16).
FIGURE 16
Shows changes in  th e  le n g th s  o f  axopodia  
e lo n g a t in g  ( a t  20°C) a f t e r  co ld  t r e a tm e n t .  
Each p o in t  on th e  graph r e p r e s e n t s  the  mean 
le n g th  o f  the  lo n g e s t  axopodia  obsensed in  
foiLc organism s.
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FIGURE 17
' Shows changes in  th e  h ase  t o  t i p  le n g th s  o f  
an axopcdium e lo n g a t in g  a f t e r  r ap id  con­
t r a c t i o n  ( a t  20°C) (b lac k  c i r c l e s )  and 
ario ther  axopodimn e lo n g a t in g  a f t e r  co ld  
t r e a tm e n t  (open c i r c l e s ) .  The in c re a s e  i n  
te m p era tu re  o f  th e  c u l t u r e  medium a f t e r  co ld  
t r e a tm e n t  i s  a l s o  shown ( l i n e  w ithout c i r c l e s ) .
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The r a t e  o f  ou tgrow th o f  an atopodium which has  r e t r a c t e d  d u r in g  
fe e d in g  on a  sm all f l a g e l l a t e  i s  sliown (F ig .  17) to  be s i m i l a r  to  t h e  r a t e  
-of outgrow th o f  axopodia a f t e r  r e t r a c t i o n  in  re sp o n se  to  c o ld .  The 
d i f f e r e n c e  i n  th e  i n i t i a l  r a t e s  o f  outgrow th i s  p robab ly  due to  th e  low er 
te m p e ra tu re  (d u r in g  the  f i r s t  4 min) i n  th e  p r e p a r a t io n s  which c o n ta in  
organisms re c o v e r in g  from c o ld .  A com parison o f  r e c o v e r i e s  can th e r e f o r e  
be made between a  s i t u a t i o n  where a  s in g le  axopodium has been r e t r a c t e d  
( a f t e r  f e e d in g )  and a  s i t u a t i o n  in  which a l l  th e  axopodia  (more th a n  fOO) 
have been  shortened  ( a f t e r  c o ld ) .
(k) Mild__cooljJl& ax a
Even i f  organisms a r e  only  cooled s l i g h t l y ,  to  about 15'°C, t h e i r  
axopodia s h o r te n .  The lo n g e s t  v i s i b l e  axopodia o f  organism s in c r e a s e  in  
l e n g th  on average  by about ^Ofo on rewarming to  room te m p era tu re  (20^0) 
a f t e r  on ly  1 h r  a t  15^0 in  a  cooled in c u b a to r .  However, th e  average 
le n g th  (126^m) of  100 axopodia  measured from a t o t a l  o f  20 A ctinophrys  
m a in ta ined  a t  15^0 f o r  48 h r  i s  alm ost th e  same a s  the  a v e ra g e  le n g th  
( 128 '^ra) o f  a  s i m i l a r  sample o f  axopodia measured f o r  organism s mai.ntained 
a t  room te m p era tu re  (20^C) th ro u g h o u t th e  48 h r  p e r io d .
(2 ) Regrowbh o f  axonemes a f t e r  cool i ng
U nlike  th e  s i t u a t i o n  in  Echinosphaerium re p o r te d  by T i ln e y  and Por­
t e r  (1987)) th e  axopodia o f  A c tinophrys  do not a l l  r e t r a c t  co m p le te ly  even 
a f t e r  12 h r  a t  4°8 , The b e s t  c o n d i t io n s  f o r  a c h ie v in g  e x te n s iv e  r e t r a c ­
t i o n  o f  axopodia i n  A c tin o p h ry s  w ithou t c au s in g  permanent damage to  th e  
organism s has  been determ ined  (M a te r ia ls  and M ethods). A f t e r  6 h r  a t  
most o f  the  axopodia have r e t r a c t e d  co m p le te ly ,  and grow ou t a g a in  
v/hen organism s a re  r e tu rn e d  to  room te m p era tu re .  A f te r  lo n g e r  p e r io d s  
a t  -3^C axopodia  do n o t  re c o v e r  and organisms e v e n tu a l ly  d i e .
Such organism s were f ix e d  f o r  e l e c t r o n  microscopy a t  i n t e r v a l s  a f t e r
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t h e i r  removal from the  cooled  in c u b a to r  to  room te m p era tu re  (l8^C;, Table 
V I I ) ,  The s o lu t i o n  o f  g lu ta ra ld e h y d e  used f o r  th e  i n i t i a l  s ta g e s  o f  
. f i x a t i o n  was c h i l l e d  to  th e  same tempe ra ,tu re  as  th e  A ctino  p h ry s , to  ensu re  
th a t  th e  v e ry  e a r l i e s t  s ta g e s  in  th e  axonemal r e fo rm a t io n  were o b ta in ed .  
The te m p era tu re  o f  the  p r e - f i x a t i v e  a,nd th e  c u l tu r e  medium c o n ta in in g  th e  
A ctino p h ry s  was measured w ith  a therm ocouple f o r  each timed f i x a t i o n  
(Table V I I ).
A c o n t ro l  f i x a t i o n  o f  A ctinophrys which have a l r e a d y  been re c o v e r in g  
f o r  2 min i s  made u s in g  f i x a t i v e  a t  -3°C . This i s  n e c e s sa ry  because  th e  
absence o f  m ic ro tu b u le s  o r  p a t te rn e d  a g g re g a te s  o f  m ic ro tu b u le s  a t  any 
time w ibhin  th e  f i r s t  2 min o f  reco v e ry  may r e s u l t  e i t h e r  from the  lowered 
te m p era tu re  o f  o rg an ism s , o r  a s  an a r t e f a c t  caused by th e  u se  o f  cold 
f i x a t i v e .
a t  i n t e r v a l s a f t e r  removal from cold
Time a f t e r  te rm in a - Temperature o f Tem perature  o f
t i o n  o f  cold t re a tm e n t A ctinophrys g lu ta ra ld e h y d e
(min) T°c) (°c)
0 “”3 *p1 4 .2 - 1 . 02 7 .6 0 .8  ( -3  0)
5 13.1 4 .210 15.8 7.3
45 18 .0 14.9
Because th e re  was a. r i s k  o f  A ctinophrys dying and hence th rough  de­
g e n e ra t io n  e x l i ib i t in g  a l t e r e d  u l t r a s t r u o t u r e  a sample o f  organisms was 
tak en  from th e  c u l tu r e  o f  A c tin o p h ry s im m ediately  a f t e r  th e  co o l in g  t r e a t ­
ment. These organisms were allow ed to  rec o v e r  a t  room te m p era tu re  and 
a f t e r  ^0  min they  were examined. There was no m o r t a l i t y  and w ithou t 
ex ce p tio n  th e  organisms posse ssed  axopodia which appeared to  be growing 
out i n  th e  u s u a l  way.
A nalyses of the  changes  i n  A c tinophrys  d u r in g  reco v e ry  from t h i s
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co o lin g  t re a tm e n t  were made u s in g  t h i n  s e c t i o n s  taken  from organism s 
f ix ed  a t  i n t e r v a l s  a f t e r  removal from th e  co ld  to  room te m p e ra tu re .
Three organism s were s e c t io n e d  f o r  each s ta g e  in  th e  re c o v e ry  from co ld  
( P l a t e s  55-80 show the  s ta g e s  in  th e  reco v e ry  o f  a  l i v i n g  organism from 
8 h r  co ld  t re a tm e n t  a t  - 3^0 ) .
( i ) Axonemal m ic ro tu b u le s  in  organism s a f t e r  8 h r  a t  -3°C
No axopodia p ro tru d e  from th e  c e l l  body. A v e ry  few axonemal rem­
n a n ts  a r e  s t i l l  p re s e n t  i n  which th e  u su a l  p a t t e r n  o f  m ic ro tu b u le s  i s  
s t i l l  j u s t  r e c o g n is a b le  ( P l a t e  82) .  Axonemes which rem ain a re  broken  down 
most com ple te ly  a t  t h e i r  t i p s .  The number o f  axonemal v e s i c l e s  i n  th e s e  
A ctinophrys  i s  much g r e a t e r  th a n  i t  i s  in  organisms f ix e d  a t  room temporap­
t u r e .  They o f te n  ap p ea r  to  be c lu s t e r e d  c lo s e  to  axonemal remnants 
( P la t e s  63 , 64)*
F a r  few er m ic ro tu b u le s  a re  p re s e n t  th a n  in  organisms f ix ed  a t  room  ^
te m p e ra tu re .  M ic ro tu b u le s  which rem ain a r e  not u s u a l ly  s t r a i g h t .  Most 
have l o s t  t h e i r  r a d i a l  o r i e n t a t i o n ,  and f o r  a l l  o f  them th e  d e n s i ty  o f  
t h e i r  w a l l s  i s  much l e s s  th a n  i s  u s u a l ly  th e  case .  Few m ic ro tu b u le s  a re  
a t ta c h e d  to  the  n u c le a r  envelope ( P l a t e  6I ) .  The n u c leu s  o f  th e se  c e l l s  
i s  a lm ost always e c c e n t r i c a l l y  p la c e d .
( i i ) One minute a f t e r  cold  t r e a tm e n t
The most n o t i c e a b l e  d i f f e r e n c e  i n  s t r u c t u r e  between t h i s  s ta g e  and 
the  l a s t  i s  th e  v a s t  in c r e a s e  i n  th e  ntimber o f  m ic ro tu b u le s  (P la te  8 8 ) .  
These a r e  most commonly found n e a r  or a t ta c h e d  to  th e  n u c le a r  envelope .
They do n o t  appear to  have a p r e c i s e  r a d i a l  o r i e n t a t i o n  ( P la t e  85) .  The
p o in t s  a t  which tu b u le s  c o n ta c t  th e  n u c l e a r  envelope a r e  n o t  grouped 
to g e th e r  as  would be expec ted  i f  the  tu b u le s  o f  an axoneme had simply 
" f a l l e n  a p a r t "  (compare P l a t e  67 and P la t e  8 I ) .  One o r  two w e ll -o rd e re d  
medium-sized axonemes a r e  seen  in  organisms a t  t h i s  s ta g e  (P la t e  67).
These may r e p re s e n t  s ta g e s  i n  th e  recovery  o f  th e  axoneme remnants s t i l l
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p re s e n t  i n  organisms a f t e r  6 h r  co ld  t r e a tm e n t .  Medium-sized axonemes 
a p p a re n t ly  n ev e r  c o n ta in  more th a n  fo u r  tu r n s  of th e  "po lygonal s p i r a l  
.p a t te rn "  ( i . e .  they  c o n ta in  l e s s  th a n  78 t u b u l e s ) .
( i l l ) IHto mi n u t e s a f t e r  cold t r e a tm e n t
Most m ic ro tu b u le s  occur i n d i v i d u a l l y  (P la te  68 ) .  Groups when th ey  
o ccur a r e  n o t  r a d i a l l y  o r i e n t e d .  P r o f i l e s  of m ic ro tu b u le s  in  l o n g i t u d i ­
n a l  s e c t io n  appear  lo n g e r  th a n  p r o f i l e s  o f  tu b u le s  in  organism s a f t e r  1 
min recove ry  from cold  ( P l a t e  89) .  Medium-sized axonemes a re  more common 
th a n  in  organism s a f t e r  1 min of reco v e ry  b u t  each axoneme appea rs  to  
c o n ta in  app rox im ate ly  th e  same number o f  tu b u le s  as in  organism s a f t e r  
1 min o f  reco v e ry  from c o ld .  Medium-sized axonemes f r e q u e n t ly  occur in  
the  o u te r  re g io n  o f  th e  endoplasm a t  t im es when no such p a t te rn e d  a g g re ­
g a te s  o f  tu b u le s  a re  p r e s e n t  c lo se  to  th e  n u c le a r  envelope. Groups o f  
axonemal v e s i c l e s  f r e q u e n t ly  occur a d ja c e n t  to  axonemes ( P l a t e  68).
( i v )  Organisms f ix e d  a f t e r  two m inu tes  reco v e ry  from 
c o ld t re a tm e n t  w ith  f i x a t iv e  a t  -2^0
The u l t r a s t r u c t u r e  o f  th e s e  Ac t in o p h ry s  i s  i n d i s t i n g u i s h a b l e  from 
t h a t  o f  the  organisms f ix e d  a t  the  same s ta g e  o f  reco v e ry  u s in g  warmer 
f i x a t i v e  ( P l a t e s  71-73)• Hence the  d i f f e r e n c e  n o t ic e d  between s t r u c t u r e s  
a t  d i f f e r e n t  reco v e ry  s ta g e s  r e p r e s e n t s  a  r e a l  change o c c u r r in g  in  th e  
reco v e ry  p ro c e s s ,  n o t  an a l t e r a t i o n  caused by the a p p l i c a t i o n  o f  f i x a t i v e s  
a t  d i f f e r e n t  te m p e ra tu re s .
(v) F ive  m inu tes  a f t e r  cold t re a tm e n t
No axopodia a r e  p r e s e n t  ( P la t e  78) but s e v e ra l  w e l l -o rd e re d  axonemes
a re  p r e s e n t  in  th e  c e l l  body ( P la t e  77)* These are f r e q u e n t ly  s t i l l  not
o r ie n te d  in  a  r a d i a l  manner ( P la t e  77)• In  genera l axonemal p a t t e r n  i s
l e s s  w e ll  d e f in ed  in  th e  r e g io n  c lo s e  t o  th e  nuclear envelope than  i t  i s
in  t h e  rem ainder o f  th e  endoplasm; tu b u le  attachment p o in t s  on th e  n u c l e a r  
envelope are apparently randomly arranged (P la to  78) .  Small c lu s te r s  o f
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ra ioro tuD ules which l i e  p a r a l l e l  to each o th e r ,  and which a r e  no t packed 
in  th e  u s u a l  axonemal p a t t e r n ,  a re  common th roughou t th e  cytoplasm  ( P la t e s  
74; 75) '  O ccas io n a l ly  C - tu b u le s  (Cohen and G o t t l i e b ,  1971) are seen in  
th e s e  g roup ings  ( P la t e  75)•
( v i )  Ten m inu tes  a f t e r  co ld  t r e a tm e n t
At t h i s  s tag e  th e  f i r s t  s ig n s  o f  axopod ia l  outgrowth a r e  d e t e c t a b l e .  
Small axopod ia l  p r o t r u s io n s  occur which c o n ta in  a few w idely -spaced  
m ic ro tu b u le s  in t e r s p e r s e d  w ith  some dense amorphous m a te r i a l  (P la te  6 2 ) .  
Many axonemes a re  now r a d i a l l y  o r i e n t e d ,  and some have te rm in a l  c o n ta c ts  
w ith  th e  n u c le a r  envelope ( P l a t e s  30, 8 1 ) .  More medium-sized axonemes 
occu r  than  in  organism s'which have been re c o v e r in g  f o r  5 min. C e r ta in  
o f  th e s e  axonemes e x h i b i t  p a t t e r n s  o f  tu b u le  packing v/hich d i f f e r  from th e  
u s u a l  p a t t e r n  o f  m ic ro tu b u le s  i n  axonemes ( P la t e s  78, 79)« Pev/er m ic ro -  
tu b u le s  a r e  p re s e n t  than  i s  th e  case  in  m a te r i a l  f ix ed  a t  e a r l i e r  s ta g e s  
o f  reco v e ry .
( v i i )  F o r ty - f i v e  m inu tes  a f t e r  co ld  t re a tm e n t
A f t e r  45 min o f  re c o v e ry  from c o ld ,  organisms p o s se ss  more axopodia 
th an  a f t e r  10 min o f  re c o v e ry .  Most o f  them a re  lo n g e r  th a n  th e  axopodia  
o f  organism s which have on ly  had 10 min f o r  reco v e ry .  The axopodia 
c o n ta in  h a p to c y s t s ,  m i to c h o n d r ia ,  and more m ic ro tu b u le s  th a n  a t  e a r l i e r  
s ta g e s  o f  reco v e ry  ( P la t e  84)* Axonemal tu b u lo s  a p p a re n t ly  extend th e  
f u l l  l e n g th s  o f  axopodia ( P l a t e  8 4 ) .  T ran sv e rse  s e c t io n s  o f  axopodia  
show t h a t  th e  m ic ro tu b u le s  o f  th e  axoneme a re  no t packed in  th e  u su a l  way. 
They e x h i b i t  b o th  gaps and d e v ia t io n s  from th e  u s u a l  axonemal p a t t e r n  
( P la t e  8 3 ) .  No axonemal v e s i c l e s  a r e  p r e s e n t  i n  th e  d i s t a l  p o r t i o n s  of 
growing axopodia; th e y  s t i l l  occur commonly in  re g io n s  su rround ing  axo­
nemes w i th in  th e  c e l l  body (P la t e  85 ) .
At t h i s  stage th e  n u c l e i  o f  most organism s a re  c e n t r a l l y  p o s i t i o n e d .  
C e r ta in  axonemes can be  t r a c e d  c o n t in u o u s ly  from th e  s u r f a c e  o f  the
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nuc leus  to  th e  e x t e r n a l  c e l l  membrane. Nearly a l l  o f  th e  axonemes a re
r a d i a l l y  o r ie n t e d .  Some axonemes a re  l a r g e r ,  5 tu r n s  o f  each polygonal 
s p i r a l  ( i . e .  118 tu b u le s )  being p r e s e n t ,  th a n  the l a r g e s t  axonemes found 
i n  organisms f ix e d  a f t e r  s h o r t e r  reco v e ry  p e r io d s .  However, recovery  
i s  s t i l l  n o t  t o t a l ly  completed ( P la t e s  86, 87) ,  because  many tu b u le s  
s t i l l  o ccur which are no t r a d ia l ly  o r ie n te d  and a re  n o t packed in  the 
axonemal p a t t e r n .
( v i i i  ) Summary o f  sequence o f  ev en ts  in  
recovery from co ld  t rea tm e n t
(1 )  Short m ic ro tu b u le s  appea r  n e a r  th e  n u c leu s .
(2 ) M ic ro tu b u les  grow lo n g e r ,
(3 ) M ic ro tu b u les  a g g re g a te  in to  b u n d le s .
(4 ) Bundles o f  tu b u le s  g ra d u a l ly  ach iev e  the  c o r r e c t  axonemal 
pack ing .
(5 ) Bundles become r a d i a l l y  o r ie n t e d .
(6 )  Axonemal bun d le s  a re  a t ta c h e d  a t  t h e i r  b a s e s  to  th e  n u c le a r  
envelope .
(7 ) N ucle i have moved to  a c e n t r a l  p o s i t i o n  i n  th e  c e l l  body,
(8) Axopodia b e g in  to  grow o u t.
The r e s u l t s  p re se n te d  above r e v e a l  t h a t  many o f  t h e s e  p ro cesse s  a re
con tinuous  and occur s im u l ta n e o u s ly .  T h is  sequence i s  m erely  in tended  
to  i n d i c a t e  an o rd e r  in  which ev en ts  appea r  to  be  in i t ia t e d  during  the  
recove ry  p e r io d .
D iscu ss io n
(a )  Hate of axopod ia l  outgrowth
The only o th e r  s tudy  on th e  r a t e  of axopod ia l outgrow th in  h e l i o -  \
zoa (Shigenaka? Roth and P i h l a j a ,  1971) shows th a t ' in  Echinosnhagrium,
I#
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a f t e r  d i l u t e  u re a  t r e a tm e n ts ,  th e  r a t e  o f  ex te n s io n  o f  axopodia  d e c re a se s  
a s  the  axopodia  become lo n g e r ,  A s i m i l a r  p a t t e r n  o f  outgrowth has  been 
n o t ic e d  in  f l a g e l l a r  r e g e n e ra t io n  s tu d ie s ,  u ndertaken  by Rosenbaum and 
C hild  (1967) and Tamm ( 1967) .  Since th e  p r e s e n t  s tudy  and th e  th r e e  
c i t e d  a re  in  such good agreem ent, a l l  narrow c e l l  ou tg row ths ,  which con­
t a i n  m ic ro tu b u la r  axonemes, may grow out in  t h i s  way. The u n d e r ly in g  
re a so n  f o r  t h i s  g rad u a l  d e c re a se  in  th e  r a t e  o f e x te n s io n  i s  p robab ly  o f  
c a r d in a l  im portance to  an u n d e rs ta n d in g  o f  how th e  le n g th s  o f  m ic ro tu b u la r  
s t r u c t u r e s  a re  de term ined .
E le c t ro n  m ic roscop ic  s tudy  o f  r e tr a c t io n  o f  axopodia  in  A ctinophrys  
a f t e r  co ld  t re a tm e n t  shows t h a t  t h i s  p ro cess  in v o lv e s  th e  breakdown o f  
axonemal m ic ro tu b u le s .  Because th e  r a t e  o f  outgrowth o f a s in g le  axo­
podium a f t e r  th e  f l a g e l l a t e  feed ing  co n tra ctio n  i s  app rox im ate ly  the  same 
as th e  r a t e  o f  outgrowth o f  axopodia a f t e r  co ld  t re a tm e n t  i t  seems l i k e l y  
t h a t  c o l d - t r e a t e d  axonemes have been broken  down to  a s im i l a r  e x te n t  
d u r in g  r e t r a c t i o n  (se e  C hap te r  V).
Organisms a f t e r  cold  t r e a tm e n t  (where a l l  th e  axonemes r e t r a c t )  
c o n ta in  more m ic ro tu b u le  s u b u n i ts  than  organisms which ju s t  r e t r a c t  one 
axoneme d u r in g  th e  f l a g e l l a t e - in d u c e d  feed in g  c o n t r a c t i o n .  I f  th e s e  
su b u n its  e n t e r  a  common cy top lasm ic  poo l,  and s in c e  th e  r a t e s  o f  o u t­
growth of  axonemes in  about th e  f i r s t  I 5 min o f  recovery a re  s im i l a r  
(I 'fg .  1 7 ) ,  i t  appears t h a t  th e  c o n c e n t r a t io n  o f  m icrotubule s u b u n i ts  
might n o t  bo r a t e - l i m i t i n g  d u r in g  t h i s  e a r l y  s ta g e  o f  ou tgrow th .
There i s  some eq u iv o ca l  ev idence  t h a t  f l a g e l l a r  m ic ro tu b u le s  grow 
by the  a d d i t io n  o f  m a te r i a l  a t  t h e i r  t i p s  (Rosenbaum and C h ild ,  1967) .
I f  t h i s  i s  a l s o  the  c a se  f o r  the  m ic ro tu b u le s  of h e l io z o a n  axopodia then  
th e  r a t e  o f  outgrowth a t  l a t e r  s ta g e s  cou ld  be l im i te d  by s e v e r a l  f a c t o r s .  
In  t h i s  case  th e  c o n c e n t r a t i o n  of tu b u le  su b u n i ts  could  w e ll  become 
l i m i t i n g  b ecause  o f  some f a c t o r  such as th e  d i f f i c u l t y  o f  t r a n s p o r t i n g  
subun it8 t o  th e  remote t i p s  of th e  axopodia . A l t e r n a t i v e l y ,  l o c a l i s e d
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d i f f e r e n c e s  in  c o n d i t io n s  a t  the  t i p s  o f  axopodia such a s  v a r i a t i o n s  in  
th e  c o n c e n t r a t io n  o f  c e r t a i n  io n s  i n  th e  cytoplasm, could be r e s p o n s ib le  
f o r  the  reduced r a t e s  o f  outgrowth. I t  has been re p o r te d  t h a t  the  in. 
v i t r o  r e c o n s t i t u t i o n  o f  m ic ro tu b u le s  from s u b u n its  i s  favoured  by the  
p re sen ce  o f  Mg io n s  and th e  removal o f  Ca io n s  (W eisenberg, 1972).
The e a r ly  r a t e  of outgrowth o f  m ic ro tu b u le s  in  axopod ia  a f t e r  co ld  
t r e a tm e n t  (about 1 0 min ^ ) i s  f a s t e r  than th e  r a t e  o f  n a t u r a l  axopod ia l 
growth (4^m min ^— C hapter  I I ) ,  and the  r a t e  o f  in c r e a s e  in  le n g th  (4-5  
min” ^') o f  th e  b i r é f r i n g e n t  a s t r a l  f i b r e s  of Psammechlnus (Swann, 1951 )» 
At l e a s t  5^/^ o f  sp in d le  f i b r e  b i r e f r i n g e n c e  i s  due to  m ic ro tu b u le s  (F o re r ,
' 1969) .  This  im p lie s  t h a t  under c o n d i t io n s  o f  normal growth (not r e g e n e r ­
a t io n  a f t e r  r e t r a c t i o n )  some other f a c t o r  o r  fa c to r s  a re  r a t e  l i m i t i n g .
One o f  th e s e  ex tra  f a c t o r s  could  be th e  con cen tration  o f  m icrotubule 
s u b u n i ts .
(b) The " n u c lé a t io n " o f  mic r o  tu b u le s
The recove ry  o f  Echinosphaeriurn (T i ln e y  and P o r t e r ,  19&7) and Raphi -  
d io p h ry s  (T i ln e y ,  1971) from co ld  t r e a tm e n ts  has  been s tu d ie d  e l e c t r o n  
m ic ro s c o p ic a l ly .  Because r a te s  o f  ea r ly  axopodia l outgrowth reported  
h e re  a re  so f a s t  i t  ap p ea rs  t h a t  T i ln e y  used in a p p rop ria te ly  long time 
i n t e r v a l s  between h i s  f i x a t i o n s .  In  b o th  h i s  s t u d i e s  the f i r s t  "recovery 
f i x a t i o n "  was made 10 min a f t e r  the s t a r t  o f  th e  reco v e ry  period . Using 
Act in o p h ry s  axopodia l outgrowth r a t e s  as  an approxim ate measure of th e  
r a t e  o f  m ic ro tu b u le  growth in  h e l io z o a n s  i t  appea rs  t h a t  th e  tubu les  
T i ln e y  d e sc r ib e d  in  th e  f i r s t  s ta g e  o f  recove ry  might already have been 
1 0 0 i n  le n g th .  I t  i s  ap p a re n t  th at T i l n e y 's  ev idence  cannot adequately 
r e s o lv e  th e  p r e c i s e  s i t e  o f  m ic ro tu b u le  n u c lé a t io n .  Even th e  evidence 
p re s e n te d  h e re  showing some micro tu b ules a t ta c h e d  to  th e  n u c le a r  envelope 
o f  A ctinophrys  w i th in  1 min o f  the  onset o f recove ry  i s  eq u iv o c a l .  The 
s ta tem en t t h a t  most m ic ro tu b u le s  are n u c le a te d  c lo s e  to  th e  n u c le a r
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envelope i s  th e  only  c o n c lu s io n  p re s e n t  ev idence  a l lo w s .  Indeed th e  
p resence  o f  b a d ly -o r i e n te d  y e t  w ell-deve loped  axonemes and axopodia . " ■
(|^atô77) su g g es ts  t h a t  fo rm ation  of c o n ta c t  w ith  th e  n u c le a r  envelope in  
c e r t a i n  axonemes may be delayed  u n t i l  s e v e ra l  m inu tes  a f t e r  t e rm in a t io n  
o f  co ld  t re a tm e n t ,
(c )  Models f o r  axonemal p a t t e r n  d e t e r minat i o n
In  A cti nophrys m ic ro tu b u le s  appea r  to  be n u c le a te d  as  a d i s t i n c t  
p ro c e s s ,  which i s  s e p a ra te  from t h a t  o f  axonemal p a t t e r n  d e te rm in a t io n .
I t  i s  c le a r , t h e r e f o r e ,  t h a t  any model which combines th e s e  two f e a t u r e s  
( e .g .  Tucker, 1970) i s  in a d eq u a te  a s  an e x p la n a t io n  o f  th e s e  e v en ts .  In
o th e r  s i t u a t i o n s ,  fo r  example morphogenesis o f  th e  cy topharyngea l  ro d s  in
N assu la (Tucker, 1971)j  and th e  development o f  f l a g e l l a  in  Allomyces 
(Renaud and S w ift, I 984) ,  i t  may be t h a t  th e  model i s  adequa te .
At p r e s e n t ,  th e r e  i s  n o t  s u f f i c i e n t  ev idence  to  make a judgement on 
two o th e r  models v;hicb su g g es t  t h a t  axonemal p a t t e r n  fo rm a t io n  i s  a   ^
s e l f -a s s e m b ly  p ro cess  and n o t  a  p ro d u c t of a " p r e - p a t t e r n "  on a  te m p la te  
o f  some kind. The e s s e n t i a l  d i s t i n c t i o n  between th e s e  o th e r  models i s  
t h a t  T iln ey  and Byers ( 1989) sugges t t h a t  p a t t e r n  i s  de term ined  because  
c r o s s - l i n k s  attach  t o  p a r t i c u l a r  s u b f ib r e s  in  the  m icrotubule w a ll, where­
as Roth et a l .  (19?0) s u g g es t  t h a t  p attern  i s  determined because  any sub­
f i b r e  has  the p o t e n t i a l  to  b ind  the  f i r s t  c r o s s - l i n k ,  b u t  t h e r e a f t e r  the  
l i k e l i h o o d  of fu rth er  c r o s s - l i n k s  be ing  formed i s  in c re a se d  a t  c e r t a i n  
s i t e s  because  o f  long-range 8,11 o s t e r i c  changes.
B iochem ical i s o l a t i o n  o f  h eliozoan  axonemal t u b u l in s  could throw 
l i g h t  on t h i s  problem. I f  d if fe r e n t  t u b u l in s  were to  be found i n  
d i f f e r e n t  s u b f ib r e s  around th e  tu b u le  w a l l ,  as  has been shown r e c e n tly  to  
be the  case  fo r  s u b f ib r e s  in  th e  o u te r  d o u b le t  tu b u le s  in  Chlamydomonas 
f l a g e l l a  (Witman, C arlson  and Rosenbaum, 1972); i t  would favour the 
argument pu t forward by T iln e y  and Byers.
Y " " ' -
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(il) Model fo r  the  o r i e n t a t i o n  and s i t i n g  o f  axonemes
Axonemes h ind term in a lly  ( P la te  2) and l a t e r a l l y  (Both e t  al . ,
1970) to  th e  n u c le a r  enve lopes  o f  A ctinophrys  and Echinos pjmrinm r e s p e c t ­
iv e ly .  They a l s o  occur f r e q u e n t ly  a t  one c r o s s - l i n k ’s le n g th  from 
h a p to c y s t  membranes (Both e t  a l . , 1970) and a re  o ften  a l ig n e d  a d ja c e n t  t o  
th e  membranes o f  l a r g e  ec to p la sm ic  v ac u o le s  (P la t e  77)» I t  i s  p o s s ib le  
t h a t  b in d in g  to  membranes i n c r e a s e s  th e  s t a b i l i t y  of axonemes. Axonemes 
in  c e r t a i n  s i t u a t i o n s  which have maximal membrane c o n ta c t  ( f o r  exanp le  a t  
th e  m eeting  p o in t  o f s e v e r a l  ec top lasm ic  v a c u o le s )  might be more s t a b l e  
th an  axonemes i n  o th e r  s i t u a t i o n s .  Thus i t  might be t h a t  th e  o r i e n t a t i o n  
and number o f  axonemes in  an organisai i s  p a rtly  determ ined  by the  a r r a n g e ­
ment and n a tu re  o f  th e  l a r g e  vacu o les  t h a t  c o n s t i t u t e  most o f  th e  e c t o -
p l 0,sm. The s u b s t i t u t i o n  o f  D O  f o r  w ate r  causes  micro tu b u le s  to  become .g
more s t a b l e  (marsland and Zimmerman, 1965; Inoue, I 964) .  However, DO  $
Îa l s o  cau ses  a  reduction  i n  th e  le n g th  o f  the  axopodia o f Echinosphc&rrum
%(M arsland , T ilney  and H i r s h f i e ld ,  1971)» Although the  a u th o rs  do n o t f.,|
m ention i t ,  t h i s  t r e a tm e n t  a l s o  r e s u l t s  in  a d is tu rb a n c e  o f  th e  orderly  
a r r a y  o f  ec top lasm ic  v ac u o le s  (Marsland e t  a l . , 1971; F ig .  1)» I t  m ight 
be t h a t  more ’’fav o u ra b le  s i t e s "  f o r  axoneme fo rm a tio n  a r e  c r e a te d  as  a 
r e s u l t  o f  t h i s  d is tu rb a n c e  o f  the  ec top lasm . More m ic ro tu b u le s ,  in  more 
axonemes, might s t i l l  occupy s h o r t e r  axopodia than  i s  no rm ally  th e  c a s e .
Thus th e  a p p a re n t ly  p a ra d o x ic a l  o b s e rv a t io n  o f  Marsland e t  a l .  ( l 9 7 l )  
could be r e s o lv e d .  I t  i s  p e r t i n e n t  t h a t  Echinosphaerium from o ld - e s t a b ­
l i s h e d  c u l t u r e s  c o n ta in  more, s h o r t e r  axonemes th an  organism s from f r e s h l y  
in o c u la te d  c u l tu r e s  (Both e t  a l . , 1970)»
(-®) The e f f e c t  of  c o o l in g  on micro tu b u les
The p o ly m e r is a t io n  o f  Tobacco Mosaic Virus (T.M.V.) p r o t e i n  i s  
favoured by in c re a s e d  te m p e ra tu re  and th e  a p p l i c a t io n  o f  D O, b u t  i s  
in h ib ite d  by reduced tem perature. The in te r p r e ta t io n  o f  t h i s  and o th e r
.  .V ,‘ . 'T  -.1
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ev idence has le d  to  th e  s u g g e s t io n  th a t  hydrophobic bonding  i s  invo lved  
in  th e  p o ly m e r is a t io n  p ro c e s s  and t h a t  d u r in g  polym erisation  bound w a te r  
i s  r e l e a s e d  (Stevens and L a u f fe r ,  1985; L a u f fe r ,  1986; K h a l i l  and 
la u f f e r ,  1987).
Because o f  th e  obvious s t r u c t u r a l  analogy w ith  T.M.V. and because  
th e  p o ly m e r is a t io n  o f  tu b u l in s  i s  a f f e c t e d  in  the  same way by th e  t r e a t ­
ments mentioned above, M arsland et  a l .  ( l 9 7 l )  suggested  th a t  tu b u le  p o ly ­
m e r i s a t io n  might ta k e  p la c e  i n  a s im i l a r  manner to  T.M.V. p o ly m e r is a t io n .  
There i s  apparently no ev idence  a g a in s t  t h i s  p o s s i b i l i t y .
As would be expec ted  most chem ical bonds a re  s t a b i l i s e d  as  lowered 
te m p era tu re  reduces  th e  m o le c u la r  movements which tend to  b reak  bonds. 
Kauzmann (1959) however h as  shown t h a t  hydrophobic bonds a re  d e s t a b i l i s e d  
by a r e d u c t io n  in  te m p e ra tu re .  This  i s  probably because  a  re d u c t io n  in  
th e  m otion o f  w ater  m o lecu le s  which surround the  p r o te in  red u ces  the  
r e p u l s iv e  f o r c e  e x e r te d  on unbound hydrophobic su r fa c e s  on the p r o t e i n  
m o lecu le s .  I f ,  when m ic ro tu b u le s  a re  co ld  t r e a t e d ,  th ey  b re a k  down to  
th e  d im er form, i t  i s  p robab le  t h a t  hydrophobic bonds a r e  involved  in  th e  
p o ly m e r is a t io n  p ro c e s s .  However, an a l t e r n a t i v e  p o s s i b i l i t y  i s  sugges ted  
by th e  in c r e a s e  in  axonemal v e s i c l e s  as  axonemal m ic ro tu b u le s  break down. 
I f  the  f r e e  "dimer" i s  th e  h ig h e s t  energy  s t a t e  o f  t u b u l in  s l i g h t  c o o l in g  
(down to  about 20^0) cou ld  le a d  to  th e  s t a b i l i s a t i o n  o f  d im ers  in to  the  
c ro ss-bonded  m ic ro tu b u la r  form. Further c o o l in g  (down to  about O^C) may 
s t a b i l i s e  p a r t s  o f th e  tu b u le  w all  in to  y e t  more sta b le  a g g re g a te s  ( th e  
axonemal v e s i c l e s ) .  The c o i le d  appearance o f  th e se  b o d ie s  (P la t e  6 9 ) 
su g g es ts  some p o t e n t i a l  f o r  c ro s s -b o n d in g .  I f  t h i s  i s  th e  r e a l  s i t u a t i o n  
th e r e  need n o t  be a  m ajor involvem ent of hydrophobic bonding .
( f )  D e te rm ina t ion  o f  the  len g th  o f  mi c r o tu b u le s
The s im ple assum ption , t h a t  m ic ro tu b u le  p o ly m e r is a t io n  term inates, 
and tu b u le  le n g th  becomes f ix e d ,  when a  pool o f  m ic ro tu b u le  subunits i s
neraes i s  e x e rc is e d ,  because  a f t e r  48 hr a t  15^0 axopodia are th e  same 
l e n g th  a s  axopodia a t  20°C v/hereas a f t e r  only 1 h r  at 15^0 they  have
I
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exhaus ted ,  can e x p la in  c e r t a i n  phenomena. H eliozoans from o ld - e s t a b l i s h e d  .% 
c u l tu r e s  p o sse ss  more axonemes th a n  organism s from younger c u l t u r e s ,  y e t  
th e se  axonemes a re  s h o r t e r  than i s  norm ally th e  case  (Both e t  al . . 197^).  ':|5
In. th e  c i l i a t e  N assula  when th e  number o f  c e r t a i n  m ic rp tu b u le  bund le s  i s  
e x p e r im e n ta l ly  reduced th e y  grow to  g r e a t e r  th an  normal le n g th s  (Tucker,
1971&).
The observation  t h a t  axopod ia l outgrowth ra te  d e c re a se s  a s  axopodia £ 
l e n g th e n  might i n d i c a t e  t h a t  th e  ra te  o f  m icrotubule length en in g  i s  
t u b u l in  c o n c e n t ra t io n  dependent. I t  might a l s o  sugges t t h a t  subunits 
b ind  l e s s  r e a d i l y  to  long t u b u le s  than to s h o r t  ones . Such a s itu a t io n  
could a r i s e  through some graded sequence o f  conform ational changes in  
s u b u n i ts  along th e  len gth  o f  tu b u le s  such as  t h a t  sugges ted  by Roth et  a l .
(1970).
M ic ro tu b u les  may be i n  a dynamic s t a t e  in  which subun its a re  b e in g  
c o n t in u a l l y  added and l o s t  a t  t h e i r  t i p s .  Tubule e lo n g a t io n  could then  
cease  when the  r a te s  o f l o s s  and g a in  o f  s u b u n i ts  wore e q u a l .  T ilney  
( 1968; 1971) has p re s e n te d  ev idence  fo r  a dynamic i n t e r a c t i o n  o f  t h i s  kind 
between th e  pool o f  subun its and th e  m icrotubules; he has a l s o  cons idered  
th e  e x te n t  to  which th e  equilibrium  p o s i t i o n  i s  s e n s i t i v e  to  t r e a tm e n ts  
w ith c o ld ,  c o lc h ic in e  and deuterium ox ide .  However, th e  axonemes on an 
organism vary in  len g th . Further axonemes in  axopodia which have con­
t r a c t e d  as  a  r e s u lt  o f  th e  feed in g  response to  f l a g e l l a t e s  in c re a s e  in  
length  by 100^'m w hile  no s im i l a r  in c r e a s e  i n  length  occurs  i n  adjacent 
axopodia . Such c o n s id e r a t io n s  suggest t h a t  o th e r  fa c to r s ,  which have no t 
p rev io u sly  been co n s id e re d  i n  h e l io z o a ,  in f lu e n c e  axonemal len g th  d e te rm i­
n a t io n .  Some form o f lo c a l i s a t io n  o f s u b u n i ts ,  or o f  oth er m a ter ia ls  
which i n h i b i t  or promote axonemal assem bly, might be r e s p o n s ib le .
I t  i s  a l s o  c l e a r  t h a t  some long-term  c o n t ro l  over th e  le n g th  o f  axo-
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decreased  in  l e n g th  by 40^» T his  Key be accounted f o r  by s y n th e s is  o f  
axonemal c o n s t i t u e n t s  which r e s u l t s  i n  an in c re a s e  in  th e  s iz e  o f the  
p o o l ( s ) . I
II
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GEàPTER VII
IRRADIATION OP AXOPODIA WITH IJLTRi\.-VIOLET LIGHT
I n t r o d u c t i on
U l t r a - v i o l e t  i r r a d i a t i o n  has  been used e x te n s iv e ly  to  d i s r u p t  th e  
m ic ro tu b u le  c o n ta in in g  s p in d le  f i b r e s  o f  d iv id in g  c e l l s  (Z i rk le  e t  a l . , .3
s e c .
R esu l ts
(a )  S u rv iv a l  o f  organisms
A ctinophrys  which have n o t  been i r r a d i a t e d  u s u a l ly  su rv iv e  f o r  a t
I 96Û; Inoue, 1964). The mechanism o f  a c t io n  o f  u l t r a - v i o l e t  l i g h t  on 
th e se  components has been d is c u s se d  by P o re r  ( 196b ) .  He d isco u n ted  th e  g
p o s s i b i l i t y  that th e  p r o t e i n s  o f  the  f i b r e  were den a tu red  and showed m
t h a t  th e  a c t io n  was one o f  p a r t i a l  o r  t o t a l  d i s a g g re g a t io n  o f  o r ie n te d  
p r o t e i n  m o lecu le s .  -'V,
What de te rm ines  th e  le n g th  o f  axonemal m icrotubules? As an approach
to  t h i s  problem u l t r a - v i o l e t  i r r a d i a t i o n  i s  a technique o f  g r e a t  p o t e n t i a l  -V
W.'.-v a lu e .  Such i r r a d i a t i o n  might i n t e r f e r e  w ith the  p o s tu la te d  equilibrium  
between axonemal m icrotubules and t h e i r  precursor s u b u n i t s .  Further- (
more, s in ce  th e  s i z e  o f  u l t r a - v i o l e t  l i g h t  microbeams can be reduced to  v
c r o s s - s e c t i o n a l  a re a s  o f 4'^m^ (Smith, 1964)? a  microbeam can be used to  ?
i r r a d i a t e  a s in g le  axopodium. Consequently a s tudy  o f  axopodia was s
%un d er tak en  u s in g  t h i s  equipm ent. y.
A ll  th e  fo llo w in g  experim en ts  were performed a t  a  room temperature 
o f about 2b°0 w ith  an u l t r a - v i o l e t  microbaam which had a r a d i a t i o n  i n t e n -  ;
s i t y  o f  10 ^ ergs/^\n^/;
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l e a s t  5 hr in  th e  type  o f p r e p a r a t io n  used (P ig . ^ ) .  I f  a square  beam ■
o f u l t r a - v i o l e t  l i g h t  of s id e  2 6 i s  d i r e c te d  a t  the  c e l l  body o f  an f
organism fo r  1 rain (a  dose o f  6 x 10  ^ e rg s /^ \ i^ ) ,  th e  organism u s u a l ly  
b re a k s  open. When t h i s  happens the  axopodia in  the  beam a re  d es tro y ed  '3
Iy e t  u n i r r a d i a t e d  axopodia a r e  apparently undamaged. In  f a c t  even a f t e r  
th e  e x t ru s io n  o f n u c le i  and some cytoplasm  long s t r a i g h t  axopodia a r e ..h
v i s i b l e  fo r  a t  l e a s t  30 sec .
'
(b) I r r a d i a t i o n  o f  i s o l a t e d  n u c l e i  ' :l
The r e s i s t a n c e  o f  th e  n u c le a r  envelope to  u l t r a - v i o l e t  i r r a d i a t i o n  ;■
i s  o f i n t e r e s t  in  view o f  the  f a c t  t h a t  n u c l e a r  membranes may be composed'
"1p a rtly  o f  tu b u l in s  ( S ta d l e r  and Pratike, 19?2).  1
'IThe i s o l a t e d  n u c le i  o f  b u r s t  c e l l s  a re  r e s i s t a n t  to  con tinuous  
i r r a d i a t i o n  f o r  10 min a t  th e  same r a d i a t i o n  i n t e n s i t y  t h a t  causes  th e  4
c e l l  membrane to  b u x s t  a f t e r  1 rain. Although t h i s  r e s u l t  a p p a re n t ly  
y i e l d s  no in f o r n a t io n  about m a te r i a l s  composing the n u c l e a r  envelope, i t  
i s  c o n s i s t e n t  with unpublished o b s e rv a t io n s  t h a t  a v a r i e t y  o f  p h y s ic a l  
and chem ica l t r e a tm e n ts  b re a k  down th e  c e l l  membrane v /h i ls t  th e  n u c le a r  
envelope, which has th e  u n u s u a l ly  complex s t r u c t u r e  d e s c r ib e d  in  Chapter 
I ,  rem ains i n t a c t .
(c_) I r r a d i a t i o n  o f d if f e r e n t  p a r t s  o f  th e  organism
I r r a d i a t i n g  t i p s  o f  axopodia a t  a r a t e  of 8 .3  x 10 ^ e r g s / s e c  
f o r  10 sec causes  th e  d i s i n t e g r a t i o n  of th e  t i p s  o f  the axopodia .  - I r r a ­
d i a t i o n  fo r  8 sec causes  a d i f f e r e n t  e f f e c t ;  no v i s i b l e  p a r t s  o f  axopodia 
b reak  o f f  y e t  the axopodia  sh o r te n .  T h is  e f f e c t  w i l l  be termed r e t r a c -  
t i o n . T h is  r e t r a c t i o n  c o n t in u e s  d u r in g  the  minute a f t e r  i r r a d i a t i o n  has 
ceased . I t  i s  accompanied by the  c e n t r i p e t a l  passage o f  sm all "bu lges"  
a long  axopodia towarde t h e i r  b a s e s .
When an axopodium i s  i r r a d i a t e d  app rox im ate ly  h a l f  way a long  i t s
• ; 5
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l e n g th  a t  a r a d i a t i o n  i n t e n s i t y  o f  8 .3  x 10 ^ e rg s / s e c  f o r  10 sec th e  
whole p o r t i o n  o f  th e  axopodium d i s t a l  to  th e  i r r a d i a t i o n  a r e a  b reak s  o f f .  
This e f f e c t  w i l l  be termed am pu ta tion . At s im ila r  p o in t s  a long  th e  
le n g th  o f  o th e r  axopodia , 8 sec o f  i r r a d i a t i o n  a t  th e  same i n t e n s i t y  has 
no ap p aren t  e f f e c t .
Axopodia can be amputated a t  t h e i r  b a s e s  w ith  exposures  to  u l t r a ­
v i o l e t  i r r a d i a t i o n  o f from 10-20 sec a t  a  r a d i a t i o n  in t e n s ity  of 8 .3  x 
10'"^ e r g s / s e c .  I f  th e  beam i s  "aimed" in  such a way t h a t  i t  p a r t l y
covers  the  b ase  o f  an axopodium y e t  o v e r la p s  onto the c e l l  body, th e
axopodium i s  u s u a l ly  amputated a f t e r  i r r a d i a t i o n  fo r  about 15 sec . I f
th e  i r r a d i a t i o n  i s  c o n t in u e d ,  a f t e r  the axopodium has been l o s t ,  fo r  a
f u r t h e r  75 sec ,  t h a t  p a r t  o f  the  c e l l  s u r fa c e  d i r e c t l y  under the  beam i s  
p u l led  back in t o  th e  c e l l  body. I f  th e  m icroscope s ta g e  i s  moved immedi­
a t e l y  so t h a t  t h i s  a r e a  does not "escape th e  beam", r u p tu re  o f  the c e l l  
membrane occurs  a f t e r  a, f u r t h e r  30 sec o f  i r r a d i a t i o n .
(.d) Axopodial regrow th  a f t e r  i r r a d i a t i o n
Tip i r r a d i a t i o n ,  o f  th e  type  d e sc r ib e d  which caused r e t r a c t i o n  
w ith o u t l o s s  o f  m a te r i a l  from axopodia, was u ndertaken .  The le n g th s  o f  
s in g le  axopodia t r e a t e d  in  t h i s  way were measured a t  1 min i n t e r v a l s  from 
the  time o f  i r r a d i a t i o n  u n t i l  th e  r o l l i n g  movement o f  th e  organisms 
i n t e r f e r e d  w ith  th e  measurements. During th e  f i r s t  2 min a f t e r  t r e a t ­
ment th e  axopodia sh o r te n  a t  an approx im ate ly  uniform r a t e  o f  about 
17 ^^ m min.' Axopodia then  grow out im m ediately  a t  an average  r a t e  o f  
about 5 ^  min.* A ty p ic a l  reco rd  of such r e t r a c t i o n  and outgrowth o f  an 
axopodium i s  shown in  F ig u re  18. I n  s ix  experim ents  the outgiuwth r a t e  
v a r i e s  between 3 .5  and 8 mini Outgrowth r a t e s  were a l s o  a sse sse d  f o r  
axopodia which had been shortened  to  h a l f  o f  th e ir  o r i g i n a l  l e n g th s  
because  th e  d i s t a l  p o r t io n  was am putated. Measurements made a t  1 min 
i n t e r v a l s  a f t e r  am puta tion  show th a t  th e re  i s  no comparable d ec re ase  in
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D iscu ss io n
(a )  The e f f e c t  o f  u l t r a - v i o l e t  i r r a d i a t i o n
The la r g e  d i f f e r e n c e  in  e f f e c t s  between am puta tion  and induced 
r e t r a c t i o n ,  which depend on only  a 2 sec d i f f e r e n c e  i n  i r r a d i a t i o n  tim e 
and a sm all a l t e r a t i o n  in  t a r g e t  s i t e ,  could  be due to  s e v e ra l  f a c t o r s .
le n g th  a f t e r  i r r a d i a t i o n s  have ceased ,  b u t  outgrow th commences im m ediately %
a t  a  uniform  average r a t e  o f  min (F ig ,  10). The range o f  outgrow th  ' 5  
r a t e s  in  seven experim ents  o f  t h i s  type v a r i e s  between 1 and 4 mi n. '
The r a t e  o f  ou tgrow th  o f  an axopodium during  th e  f i r s t  t e n  m inu tes  
o f  reco v e ry ,  when i t  has  been  amputated once, i s  f a s t e r  th an  th e  r a t e  o f  
recove ry  in  th e  te n  m inu tes  fo l lo w in g  immediate ream p u ta t io n  f o r  a  second 
t im e . S im i la r ly  t h i s  l a t t e r  r a t e  o f  growth i s  f a s t e r  th a n  the r a t e  of 
growth fo l lo w in g  immediate ream p u ta t io n  f o r  a  th i r d  t im e .
I
(e_) The e f f e c t  o f  axopod ia l le n g th  change on n e i ghbouring  axopodia
In  th e s e  experim en ts  an axopodium was s e le c te d  and measured. As 
many o th e r  axopodia in  i t s  v i c i n i t y  a s  p o s s ib le  were th e n  amputated u s in g  
th e  microbeam. At i n t e r v a l s  th e r e a f t e r , -  th e  len g th s o f  b o th  th e  u n i r r a ­
d ia te d  axopodium and the  "stump" o f  an a d ja c e n t  amputated axopodium were 
reco rd ed .  The r e s u l t  (F ig .  19) o f  an experim ent o f  t h i s  type  shows t h a t  
th e  amputated axopodium grows out a t  a  r a t e  o f  2.5^m min. Sim ultaneousdy
th e  u n i r r a d i a t e d  axopodium s h o r te n s ,  i n i t i a l l y  by up to  2 0 and then  
grows out to  re g a in  i t s  i n i t i a l  l e n g th .
U n fo r tu n a te ly  i t  was im poss ib le  f o r  t e c h n ic a l  re a so n s  to  perform a #
%
s im i l a r  experim ent to  t h i s  where o th e r  axopodia were induced to  r e t r a c t  If
w h i ls t  a n o n - i r r a d i a t e d  axopodium was m onitored  f o r  p o s s ib le  le n g th  
i n c r e a s e s .
FIGURIIÎ 18
P o in t  A in d i c a t e s  the  i n i t i a l  le n g th  o f  
an axopodium. Line A shows the  ohaoges 
i n  le n g th  o f  t h i s  axopodium as i t  s h o r te n s  
and grows out a f t e r  m ild  i r r a d i a t i o n  w ith  
an u l t r a - v i o l e t  microbeam a t  i t s  t i p .
P o in t  B shows th e  i n i t i a l  le n g th  o f  a n o th e r  
axopodium. Line B shows the  changes in  
le n g th  o f  th e  b a s a l  p o r t i o n  of t h i s  axopodium 
a s  i t  grows out a f t e r  am puta tion  a t  a p o in t  
approx im ate ly  h a l f  way a long  i t s  le n g th  by 
an u l t r a - v i o l e t  microbeam.
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FIGURE 19
Poi)it  B i s  th e  i n i t i a l  le n g th  o f  an axopodium. 
Line .B shows th e  changes i n  le n g th  o f  t h i s  
axopcdrUtii a f t e r  a/riputation (approxjm acely  h a l f  
a long  i t s  le n g th )  w ith  an u l t r a - v i o l e t  
raicrobeani. S evera l  axopodia on t h i s  o rg an isn  
were amputated in  t h i s  way. One axopodium 
( i n i t i a l  le n g th  shown by p o in t  a ) was n o t  
i r r a d i a t e d  vdth  th e  miorobeam. Changes i n  i t s  
le n g th  a r e  shown i n  l i n e  A. The axopodia 
whose le n g th  changes a r e  recorded  in  l i n e s  A 
and B were a d ja c e n t  to  each o th e r .
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But, because  p r o te i n s  absorb  u l t r a - v i o l e t  i r r a d i a t i o n  (maximally a t  22$m^ %
'Ib u t  to  a l e s s e r  degree  a t  o th e r  w av e le n g th s ) ,  i t  seems l i k e l y  t h a t  one fIfundam ental e f fec t-  i s  th e  b reakage  o f  chem ical bonds between s t r u c t u r a l  %
m olecu les  a s  a  r e s u l t  o f  an in c r e a s e  in  th e  energy o f  axo p o d ia l  p r o t e i n s .
When m ild  te rm in a l  i r r a d i a t i o n  o f  axopodia c e a s e s ,  axopodia con- 
t i n u e  to  c o n t r a c t .  S w e ll in g s  a p p a re n t ly  move down th e  axopodia d u r in g  
t h i s  c o n t r a c t i o n ;  i t  i s  p o s s ib le  t h a t  a s i m i l a r  s i t u a t i o n  to  t h a t  which 
r e s u l t s  from c o lc h ic in e  t r e a tm e n t  l a  o p e ra t iv e  (C hapter  I I I ) .  M icro­
tu b u le s ,  i n  t h i s  s i t u a t i o n  a l s o ,  appea r  t o  be b re a k in g  down from t h e i r  t ip s .  #
S ince  no e l e c t r o n  m icroscopy has  been performed on s p in d le  f i b r e s  . |
%a f t e r  th e y  have been exposed to  u l t r a - v i o l e t  i r r a d i a t i o n  (F o re r ,  1965) ,  1■■"I
th e s e  o b se rv a t io n s  o f  am pu ta tions  and induced r e t r a c t i o n  o f  m ic ro tu b u la r  %
'§ -:âaxopodia a re  o f  g e n e ra l  i n t e r e s t .  T h ey  support th e  i n t e r p r e t a t i o n  t h a t  #Ithe  a c t i o n  o f  u l t r a - v i o l e t  l i g h t  on s p in d le  f i b r e s  i s  a t  l e a s t  p a r t i a l l y
■iowing t o  a  d e s t r u c t iv e  e f f e c t  on m ic ro tu b u le s .  '%
I
%(b ) The r a t e  o f  axopod ia l  outgrowth S
When axopodia r e t r a c t  v /i thout l o s s  o f  m a te r i a l  th e  regrow th  r a t e  
i s  about min* a t  25°C. Over a  s im i la r  range  o f  axo p o d ia l  l e n g th s ,  
outgrow th a f t e r  co ld  t r e a tm e n t  and ra p id  c o n t r a c t i o n  ta k e s  p la c e  a t  r a t e s  
o f  approx im ate ly  9 ^  min * and min * r e s p e c t i v e l y .  Although th e se  
l a t t e r  measurements were made a t  22°C (3° low er th a n  th e  te m p era tu re  a t  
which th e  u l t r a - v i o l e t  i r r a d i a t i o n s  were perfo rm ed),  th e  r a t e s  a re  
s u f f i c i e n t l y  s im i la r  f o r  th e r e  to  be l i t t l e  q u e s t io n  o f  permanent i n j u r y  
to  the axopodium as  a r e s u l t  o f  i r r a d i a t i o n s  a t  t h i s  .dose  l e v e l .
The p o s s i b i l i t y  rem ains  t h a t  the  s low er r a t e  o f  ou tgrow th o f  amputa­
ted  axopodia  i s  an i n d i r e c t  e f f e c t  caused by damage to  some system 
i n d i r e c t l y  r e l a t e d  to  th e  growth o f  th e  axoneme. However, t h i s  s low er 
r a t e  i s  a l so  c o n s i s t e n t  w ith  th e  th e o ry  t h a t  th e  r a t e  o f  growth o f  axopodia 
over t h i s  l e n g th  range  i s  l im i t e d  by th e  supply  o f  some m a t e r i a l ,  p o s s ib ly
"" â6 —
t o  th e  p o s tu la te d  t i p  growth zone o f  th e  axoneme. T his  l a t t e r  type of 
i n t e r p r e t a t i o n  i s  supported  to  some e x te n t  by th e  o b s e rv a t io n  t h a t  t h e r e  
i s  a r e d u c t io n  in  outgrow th r a t e  o f  axopodia  which s u f f e r  s e q u e n t i a l  
am pu ta tions .  In  s u c c e s s iv e  am p u ta tio n s ,  th e  damage i s  p robab ly  th e  some 
on each occas io n ,  and y e t  th e  t o t a l  amount o f  m ic ro tu b u le  p r o te in  which 
th e  organism has l o s t  in c r e a s e s  each t im e . T h is  c o r r e l a t e s  w e ll  w i th
th e  r e d u c t io n  in  th e  r a t e  o f  outgrowd;h.
This  s i t u a t i o n  i s  n o t  comparable to  t h a t  d e s c r ib e d  by Rosenbaum 
and C hild  ( 1967) .  They found t h a t  the  regrowth o f  p ro tozoan  f la g e l la s  
a f t e r  a  f i r s t  am putation  fo llow ed th e  same p a t t e r n  o f  r a t e s  as  they  d id  
d u r in g  “r e - r e g e n e r a t io n ” a f t e r  a second am putation. I n  t h a t  s i t u a t i o n  
a  la g  pe r iod  d u r in g  which s y n th e s i s  o f  new components could  ta k e  p la c e
v/as a v a i l a b l e  to  the  organism .
(s.) The e f f e c t  o f  axopod ia l l e n g th  change on neighbouring axopodia
This  experim ent owed a  great d e a l  i n  i t s  d e s ig n  to  an  experim ent 
performed by Coyne and Rosenbaum ( I 97O)' They s tu d ie d  th e  e f f e c t  o f  
am puta ting  the  d i s t a l  h a l f  o f  one f la g e l lu m  from th e  b i f l a g e l l a t e d  
Clilamydomonas. During th e  i n i t i a l  p a r t  o f  the reco v e ry  period th e  lo n g e r
o f  th e  two f l a g e l l a  sho r ten ed  w h i l s t  th e  s h o r t e r  one le n g th e n e d .  A fter  
th e  f l a g e l l a  had reached  approxim ately equal l e n g th s  they  b o th  s t a r t e d  
to  grow outwards to g e th e r  a t  the  same r a te . The a u t h o r s ’ i n t e r p r e t a t i o n  
o f  t h i s  experim ent i s  t h a t  axonemal p r o t e i n  from th e  s h o r te n in g  fla g e llu m  }
p a s s e s  i n t o  a  common pool and th u s  becomes a v a i l a b l e  f o r  le n g th e n in g  o f  J
th e  am putated f la g e l lu m .
A s i m i l a r  i n t e r p r e t a t i o n  can be advanced to  d e s c r ib e  th e  shorten in g  [
o f  th e  u nirrad iated  axoneme i n  A c tin o p h ry s . S ince t h i s  axopodium 
s h o r te n s  a t  a tim e when i r r a d i a t e d  axopodia  a r e  growing ou t i t  appea rs  |
most u n l i k e ly  t h a t  damage to  th e  u n i r r a d i a t e d  axopodium i s  r e s p o n s ib le  fo r  •
, ' |î
i t s  s h o r te n in g .  This i s  a  c l e a r  example o f  a s i t u a t i o n  where some
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m ic ro tu b u le a  a re  assem bling  w h i l s t  o th e r s  a re  b reak in g  down in  th e  same 
c e l l .
In  c o n c lu s io n ,  i t  i s  suggested  t h a t  th e se  experim en ts  i n d i c a t e  
t h a t  the  l e v e l  o f  a v a i l a b l e  p r e c u r s o r  m a te r i a l  may in  c e r t a i n  s i t u a t i o n s  
l i m i t  th e  r a t e  o f  ou tgrow th , and might a lso  in f lu e n c e  th e  d e te rm in a t io n  
o f  the  le n g th ,  o f  axopodia .
%
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APPENDIX I
The Deteamilnation o f  Young’s Modulus f o r  th e  Axopodium
(a )  D eriva t i o n  o f E quation  ( l )
P rov ided  t h a t  th e  bond between th e  axopodium and the  g la s s  f i b r e  
i s  f irm  enough to  a l low  no movement, and as  th e  p e rp e n d ic u la r  d i s t a n c e  
o f  th e  b ase  o f  th e  g l a s s  f i b r e  from the  b ase  o f  th e  axopodium i s  much 
g r e a t e r  th a n  th e  le n g th s  (x^ and x^) of th e  b e n t  r e g io n s  o f  the axopodium 
and th e  g l a s s  f i b r e  r e s p e c t i v e l y ,  then  th e  bending  moments in  th e  axo­
podium and th e  g l a s s  f i b r e  a r e  equa l ( H g .  I 5)»
The bend ing  moment i n  th e  g l a s s  f i b r e  i s  th e  p roduc t o f  th e  fo rc e  
(P) produced by th e  movement o f  the b ase  o f  th e  f i b r e  and th e  d i s t a n c e  
(L) from th e  s t i f f  b a se  o f  th e  f i b r e  to  the p lane  o f  th e  p o in t  o f  a t t a c h ­
ment of th e  axopodium to  the  c e l l  body:
i . e .  bending moment -  FL 
The bending  moment in  th e  g l a s s  f i b r e  can a l s o  be c a l c u l a t e d  knowing
Young's Modulus o f th e  g l a s s ,
th e  moment o f  i n e r t i a  o f  th e  g l a s s  f ib r e , I g ,  and
th e  r a d iu s  o f  t h e  curve  i t  i s  b en t  i n t o ,  R^ ,,
EL I,
But th e  bend ing  moment i n  th e  g l a s s  f i b r e  eq u a ls  t h a t  in  th e  axopodium,
. V i  %
■ ■ h  “ «2 '
. . where Ej, I p  and R-| a r e  th e  Young's Modulus, moment o f  inert.fe, and 
r a d iu s  o f  c u rv a tu r e  of th e  axopodium r e s p e c t i v e l y ,
R I
^1 . . . . .  (4 )
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Now wl:i,ere and a ,  a r e  th e  r a d iu s  o f  th e  axopodium and th e  rod r e s p e c t ­
iv e ly ,
If a /  If a /
In = ; and ^■1 4
s u b s t i t u t i n g  i n  E quation  (4 ) ,
h = ^ 2   (1 )
(h) P e t0rm in a t io n  o f  (E^)î Y oung 's  Modulus f o r  th e  g l a s s  tube 
The moment of i n e r t i a  ( l ^ )  o f  a  tube
= ^ ( r , ^  -  r^4 )  . » . E quation  ( 5 ) %
where r ,  = e x t e r n a l  r a d iu s  o f  g la s s  tube  -  0,803 mm.
-  r a d iu s  o f .lum en  o f  g la s s  tu b e  = 0,533 mm.
S u b s t i t u t i n g  in  E quation  5>
Ig  " 2 ,6  X 10  ^ gm cm ^
The g l a s s  tu b e  was clamped a t  a h o r iz o n t a l  d i s ta n c e  x (29 .08  era) from i t s  
t i p .  I t  was loaded a t  i t s  t i p  w ith  a s e r i e s  o f  w eights  (m). The de­
f l e c t i o n  (y) o f  th e  t i p  o f  th e  beam from th e  h o r i z o n t a l  was measured a t  
each a d d i t io n  o f  new y/e ight. The d e f l e c t i o n  (y )  o f  th e  tube  was a l s o  
measured d u r in g  u n lo a d in g .  Values o f  Ÿ  (averages  o f  th e  lo a d in g  and 
u n load ing  f i g u r e s )  were p lo t t e d  a g a in s t  M.
3
The s lo p e  . . . . . .  Equation  ( 5)
Nov/ s u b s t i t u t i n g  e x p e r im e n ta l ly  determ ined  v a lu e s ,
EL = 4 .8  x 10^1 t  1 .8  X 10^^ dyne
I-J
APPENDIX I I  
ü y to c h a la s in  B
M ic ro sc o p ic a l  examination, o f  l0 -$ 0  -^ gcn ml ^ “s o l u t i o n s ” of c y to -  
c h a l a s in  B i n  1^ d im ethy l su lphox ide  in  c u l t u r e  medium r e v e a l s  many 
u n d isso lv ed  c r y s t a J s  o f  c y to o h a la s in  B (P la t e  2 9 ) .  Because o f  t h i s  and 
because  th e  s o lu t i o n s  o f  c y to o h a la s in  B had no d e t e c t a b l e  e f f e c t  on b in a ry  
f i s s i o n  i n  A ctinophrys  (C hap te r  I I ) ,  i t  was n ece ssa ry  to  ensu re  t h a t  th e  
s o lu t i o n s  were “b i o l o g i c a l l y  a c t i v e " .  The system chosen (as  a  r e s u l t  o f  
a  s u g g e s t io n  by Dr H. S teb b in g s)  was th e  s tream ing  o f  cytoplasm  in  T ra d e s -  
c a n t i a  stamen h a i r s  ( P l a t e  3 2 ) ,  C y tooha las in  B i n h i b i t s  t h i s  s tream ing  
(P la t e  3 1 ) in  a  r e v e r s i b l e  and c o n c e n tra t io n -d e p e n d e n t  f a s h io n  (Table V I I I ) .  
S l ig h t  v a r i a b i l i t y  i s  seen  between th e  e f f e c t s  o f  c o n c e n t r a t io n s  o f  
s o lu t io n s  made up by d i f f e r e n t  methods. S o lu t io n s  o f  c y to o h a la s in  B f i r s t
d is s o lv e d  in  100^ d im ethy l su lphox ide  and th e n  d i l u t e d  w ith  c u l tu r e  medium 
b eg in  t o  i n h i b i t  cy to p lasm ic  s tream ing  a t  h ig h e r  "ap p a ren t  c o n c e n t ra t io n s "  
than  do s o lu t i o n s  where c r y s t a l l i n e  c y to o h a la s in  B i s  d i s p e r s e d in to  
a l re a d y  d i l u t e d  d im ethy l su lphox ide  (Table V I I l ) .  S o lu t io n s  o f  c y to c h a la -  
s in  B which i n h i b i t  cy top lasm ic  s tream ing  in  T ra d e s c a n t ia  do no t appear to  
i n h i b i t  th e  movement o f  h a p to c y s t s  a long  axopodia in  A ctinophrys  (Table 
V I I I ;  P l a t e  30).
TABLE V I I I i The e f f e c t  o f  c y to o h a la s in  B
vy tocnalËC on tro l  s o lu t io n s
Movement o f  h a p to -  
c y s t s  in  A c j ^ p h ^
Cytoplasm ic s tream ­
ing  i n  T radescan tia
C u ltu re
medium
1# DMSO & 
c u l tu r e  
medium 0.1 10
■JytocHiTasln  ^d ispersions Pgm ml
0.1 10 10
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Table V III  r e v e a l s  t h a t  the s o lu t i o n s  o f  c y to o h a la s in  B used were 
b i o l o g i c a l l y  a c t i v e .  The p o s s i b i l i t y  (mentioned in  C hap te r  I I )  t h a t  
A ctinophrys  i s  impermeable t o  c y to o h a la s in  B rem ains open, because  h a p to -  
c y st  movement was no t a f f e c t e d .  I t  should be noted t h a t  quoted concen­
t r a t i o n s  o f  c y to o h a la s in  B s o lu t i o n s  a re  p o t e n t i a l l y  q u ite  inaccurate  
and th e r e f o r e  u s e fu l  on ly  as  a r e f e r e n c e .
I
i
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P L A T E S
U nless o th e rw ise  s ta te d  a l l  p l a t e s  a re  
tra n s m is s io n  e le c t r o n  m icrographs o f  
organism s fix e d  u s in g  p rocedure  1 
(M a te r ia ls  and M ethods)» A bbrev iations 
have been  used to  show where o th e r  
ty p e s  o f  m icroscopy have been employed:
P — Z ernicke phase c o n t ra s t  
Norn — Nomarski d i f f e r e n t i a l  i n t e r ­
fe re n c e  c o n t r a s t  
I  — I n te r f e re n c e  m icroscopy 
SM Scanning e le c t r o n  m icroscopy
I
II
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PLATE 1
A l iv in g  organism showing the ra d ia l 
arrangement o f  axopodia.
X 1452 (Norn)
FIGURE 6
An o p t i c a l  d e n s ito m e te r  t r a c in g  o b ta in ed  by 
scann ing  a c ro ss  an e le c t r o n  m icrograph  o f a 
p o r t io n  o f th e  n u c le a r  envelope se c tio n e d  
p e rp e n d ic u la r ly  to  th e  p lane o f  the envelope .
The absorbance i s  p lo t te d  in  a r b i t r a r y  u n i t s  and 
th e  peaks r e p re s e n t  re g io n s  o f  g r e a t e r  e le c tro n  
d e n s i ty .  The o u te r  and in n e r  peaks re p re s e n t  
th e  n u c le a r  envelope and th e  two la y e r s  o f 
enc lo sed  dense m a te r ia l ,  r e s p e c t iv e ly .  The 
a b s c is s a  in d ic a te s  th e  le n g th  o f th e  scan  in  
te rm s o f  th e  spac ing  o f  s t r u c tu r e s  in  th e  
s e c t io n .

PUTS 2
The basé o f  a la rg e  axoneme, section ed  
lo n g itu d in a lly ,  c o n ta c tin g  the n u clear  
envelope (e ) .
X 107,692
PUTS 3
A p ortion  o f  the n u clear envelope sectio n ed  
p erp en d icu lar ly  to  the plane o f  the en velope .
Two la y e r s  o f dense m a ter ia l (D) are s itu a te d  
in s id e  th e envelope ( s )  and th ree pores (P) 
are a ls o  shown. The cytoplasm ic su rface  o f  
th e envelope i s  towards the bottom o f  the  
f ig u r e . F ix a tio n  procedure 2 .
X 1 6 0 ,0 0 0  ^
•
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PLATE 4
A cj.'0«S“SGction o f  a la r g e  axoneme w ith in  
the c e l l  body. Long lin k s  (L) extend between  
tubules in  adjacent rows. Short lin k s  (l_) 
occur" between adjacent tubules in  the same row,X 98,181'
PLATE 5
A c r o s s -s e c t io n  o f  a la r g e  axoneme w ith in  
th e c e l l  body. S everal G-m icrotubules 
(arroYfs) are p resen t. F ixa tion  procedure 2
X 97,777
PLATE 6
A c r o s s - s e c t io n  o f  an axopodium. H aptocysts  
(h ) l i e  adjacent to the regu larly  packed 
m icrotubules o f  the axoneme.
X 43,333
PLATE 7
C ro ss-sec tio n  o f  an axopodium with ir reg u ­
la r ly  packed m icrotubu les. A haptocyst (h ) 
with dense conten ts i s  a lso  shown.
X 55,000
PLATE 8
lo n g itu d in a l s e c t io n  o f  part o f a la rg e  
axoneme showing the ’’stepped" configura­
t io n  at i t s  base which co n ta cts  the nuclear  
envelope (È ).
X -82,857
/
' m
m
S e c tio n  o.f p a r t  o f an en cy s te d  organism . 
The o u te r  la y e r  (O ), th e  in te rm e d ia te  zone 
( iz ) ,  th e  zygo te  w a lls  (_Z) and p a r t  o f th e  
c y to p lasm ic  re g io n  (C) a re  shawn. The 
c y to p la sm ic  re g io n  c o n ta in s  cy to p lasm ic  
sp h e re s  (OS) .
X 8 ,461
PLATE 10
The s u r fa c e  o f  p a r t  o f  th e  o u te r  l a y e r  o f  
an en cy sted  organism ,
X 9 ,0 9 0  (SBK)
¥
PLATE l l j
Whole! ency sted  o rganism . The y e llo w  o u te r  
la y e r ',  g reen  in te rm e d ia te  zone and red  
zygo te  w a lls  su rround  th e  cy top lasm ic  
re g io n  (C ).
X 880 ( I )
PLATE 12
A la r g e  a re a  o f endoplasra i s  seen in  t h i s  
s e c t io n  whi.ch "g ra z e s"  th e  edge o f  th e  
n u c leu s  (n ) . S ev e ra l la rg e  axonemes (a ) 
do n o t have th e  same a x is  o f symmetry. A few 
sm all axonemes (a )  and s in g le  tu b u le s  (a rro w s) 
o c c u r .’ E le c tro n - lu c e n t  endoplasm ic v e s ic le s  
(EV) and coated  v e s ic l e s  (CV) occur th ro u g h o u t 
th e  endoplasm . O cc a s io n a lly  sm all s in g le  rows 
o f  m ic ro tu b u le s  occu r ( a s t e r i s k ) ,
X 25,000
IZ
I.'.).
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PLATES 13-20
Show s ta g e s  in  b in a ry  f i s s i o n .  The b r id g e  o f  
cy top lasm  which co n n ec ts  d au g h te r  c e l l s  
a t t e n u a te s  as  d iv i s io n  p ro cee d s. A v e s ic l e  
(a rro w s) occ lu d es  th e  b r id g e  o f  cytoplasm  
shown in  P la te s  15-17* The tim e e lap sed  from 
th e  s t a r t  o f  o b se rv a tio n  i s  a s  fo llo w s :
P la te  13 0 min
" 14 17 •*.1 15 18 "
" 16 18 .5  "
" 17 19 "" 18 20 "
" 19 20 .5  "
" 20 23 "
X 216 (P)
> , . ' T
PLATE 21
In t h is  d iv id in g  organism axopodia based on 
op p o site  c e l l  b od ies malce double  non-term inal 
co n ta c t w ith each o th er  near th e ir  t ip s .  A 
webbed reg ion  (W) can be seen a t the p o in t o f  
c o n ta c t .
X 416 (P)
PLATE 22
Small grovfing axopodia (arrows) are seen on 
reg ion s o f  the c e l l  b od ies  adjacent to  the  
con n ectin g  bridge o f  cytoplasm  in  th is  
d iv id in g  c e l l .
X 566 (P)
PLATE 23
The cytop lasm ic b rid ge connecting th ese  d iv id in g  
organisms i s  h igh ly  vacu o la ted .
X 308 (Norn )
PIATE 24
Two axopodia (arrows) based on one c e l l  body 
make s in g le  term inal con ta cts  w ith axopodia  
based on the o th er c e l l  body. One o f  th ese  
axopodia (long  arrow) i s  b en t. D iv id in g  
organism s.
X 520 (P)
N Om J LD
PIATE 25
One o f  the n u h le i (N.) presen t in  th ese  d iv id in g  
organisriis can he seen . The t ip  o f  a bent 
axopodium (arrov/) on one c e l l  body makes a 
s in g le  tfeiTiiinal co n ta ct w ith an axopodium on 
the o th er  c e l l  body.
X 536 (Norn)
PLATE 26
A group o f  A ctinophrys in  the c o lo n ia l s ta t e .  
One organism (bottom r ig h t )  i s  shovm in  the  
p rocess o f  s p l i t t in g  o f f  from the clump. A 
bent axopodium (arrow) can be seen in  the  
reg ion  o f  the connecting bridge o f  cytoplasm . 
X 345 (Nom)
NAOpm
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PLATS 27
A tra n s v o rs û  s e c tio n  o f  th e  b r id g e  o f  cy toplasm  
c o n n ec tin g  two d iv id in g  d au g h te r  c e l l s .  Examina­
t i o n  o f s e c tio n s  o f  t h i s  type re v e a le d  n e i th e r  
m ic ro tu b u le s  n o r m ic ro f ila m e n ts .
X 2 ,310
PLATE 28
A lo n g i tu d in a l  s e c t io n  o f th e  b r id g e  o f  cy toplasm  
c o n n e c tin g  two d iv id in g  d au g h te r c e l l s .  The 
arrangem ent o f v acu o le s  in  th e  b r id g e  i s  such 
t h a t  no lo n g  s t r a ig h t  s k e le t a l  s t r u c tu r e  could  p ass  
from one c e l l  body to  th e  o th e r .
X 2 ,555
PLATE 29
C ry s ta ls  (o r)  a re  v i s i b l e  vfhen " s o lu t io n s "  w ith  a  
c o n c e n tra tio n  o f  c y to c h a la s in  B above lOPgm/ml a re  
examined m ic ro s c o p ic a lly .
X 170 (P)
PLATE 30
An organism  t r e a te d  w ith  50^gm/ml o f  c y to c h a la s in  B, 
The axopodia do n o t r e t r a c t ,  and th e  movement o f 
h a p to c y s ts  along axopodia i s  n o t in h ib i t e d .
X 353 (Norn)
PLATE 31
A f te r  tre a tm e n t w ith  lO^gm/ml c y to c h a la s in  B th e  
cy to p lasm ic  s tream in g  in  t h i s  stam en h a i r  c e l l  from 
T radescan t i a  has cea sed . The s tr a n d s  o f cytoplasm  
have w ithdraw n and surround  th e  n u c leu s  (N ).
X 423 (Norn)
PIATE 32
The t i p  o f  an u n tre a te d  s tam in a l h a i r  from a Trades- 
c a n t ia  f lo w e r. In  each c e l l  s tr a n d s  o f a c t iv e ly  
s tream ing  cytoplasm  (a rro w s) r a d ia te  from th e  
n u c leu s  (N ).
X 246 (Norn)
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FUTE 33
An organism fix e d  in  a la t e  stage  o f  d iv is io n ,  
( la t e r  than the stage shown in  P la te  14) has 
axoneme3 o f  unusual morphology. L ongitudinal 
s e c t io n s  o f t h is  axoneme show i t s  "sprayed" 
appearance where the tu b u les a t  i t s  base 
con tact the nuclear envelope. Such axonemes 
may be in  the process o f  rea tta ch in g  to the 
n u clear envelope (S ), Polyribosom es can be 
seen in  t h is  reg ion ,X 54,000
PLATE 34
A s e c t io n  through an organism fix ed  at an 
e a r l ie r  stage o f  d iv is io n  than th a t shovm in  
P la te  14 r e v e a ls  th ree  axonemes which do not 
con tact the n u clear envelope at th e ir  b a ses ,
X 24,516

PLATES 35-37
Show sta g es  in  the d i s t a l ly  d irected  fu sio n  
o f two axopodia jo in in g  at the p o in ts  arrowed 
u n t i l  (P la te  37) they are united  a t t h e ir  t ip s  
to form a s in g le  axopodiura.
X 700 (p )
PIATE 38
C ro ss-sec tio n  o f  an axopodium con ta in in g  two 
axonemes.
X 46,857
PLATE 39
A bend (arrow) i s  moving towards the t ip  o f an 
axopodium (Ap).
X 360 (P)
PLATE 40
The same axopodium photographed 2 min la te r ;  
the bend has ju s t  been rep a ired . Each sw ollen  
p ortion  (h) i s  a reg ion  where h ap tocysts  l i e  
between the axoneme and the c e l l  membrane.
X 360 (P)
PIATE 41
The apparatus used fo r  m icrom anipulation  
experim ents. Movements o f  the jo y s t ic k  (2) 
are transm itted  h y d r a u lic a lly  to the g la s s  
m icroneed les. For the purposes o f  th is  
i l lu s t r a t io n  the condenser (K) o f the inverted  
m icroscope was ra ised  above i t s  normal 
o p era tio n a l p o s it io n .
A3 0  Mm
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PIATE 42
The t ip  o f  the axopodium (Ao) has stuck  to  the 
sid e  o f  th e  g la s s  need le (G) which has been  
used to  bend the axopodium,
X 1,073 (P)
PLATE 43
The f in e  g la s s  n eed le (G) and the axopodium • 
(Ap) are both b en t. This photograph has been 
used to' determine Young’s Modulus fo r  the  
axopodium d ep icted .
X 352 (p)
PIATE 44
Severe m anipulations with a s t i f f  g la s s  n eed le  
(G) have caused th is  axopodium (Ap) to break.
X  1,222 (?)
S O P rn ^
PMTE 45
An axopodium which has ju st  contracted  
rap id ly  has a sw ollen  t ip  (t ) .  I t  has drawn 
a f la g e l la t e  I ? ) , which i s  not in  the same 
fo c a l p lane, towards the c e l l  body (3 ) ,
X 1 ,470  (P)
PLATS 46
A f la g e l la t e  (?) i s  being engulfed by a food-cup  
at the t ip  o f  a short pseudopodium.
X 680 (Nom)
? latJ . 1 I
A food-cup i s  in  the process o f  en g u lfin g  a 
captured c i l i a t e  (Tetrah?/mena) which has been  
transported  to  th e  c e l l  body.*
X  400 (P)
This organism has captured and engulfed  a 
Sephadex bead (^) which has haemoglobin  
adsorbed to  i t s  su r fa ce . The c e l l  su rface  i s  
o c c a s io n a lly  ra ised  in to  s n a il  club-shaped  
p r o je c tio n s  (arrow s).
X 392 (Nora)
PLATES 49 and 50
Show sta g e s  in  the tra n sp o r t o f  the same 
Sephadex bead (s )  towards the c e l l  body (B) 
An axopodiura (arrow) i s  bent out o f  i t s  
usual r a d ia l p o s it io n  as the sephadex bead 
i s  transported  n earer to  the c e l l  body.
X 260 (P)
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Show su cc e ss iv e  s ta g e s  in  the outgrowth o f  an 
axopodium im m ediately a f te r  i t  has contracted  
rap id ly  and dravai a f la g e l la t e  towards the  
c e l l  body.
X 1 ,105  (P)
A l iv in g  organism im m ediately a f te r  treatm ent 
at 0°C fo r  45 min. A few short axopodia (Ap) 
are s t i l l  p resen t. The c e n tr a l nucleus (Nj 
i s  a ls o  shown.
X 720 (Norn)
PLATES 55-60
Show the recovery o f  an organism from cold  
treatm ent (6 hr at - 3 ‘^ C). I n i t i a l l y  th ere  
appear to  be no axopodia p resen t, and the c e l l  
body i s  not sp h e r ic a l. As recovery proceeds 
axopodia grow out grad u ally  becoming b e t te r  
r a d ia l ly  o r ien ted . P la te  60 shov/s a la t e  stage  
in  recovery where long r a d ia l ly  orien ted  
axopodia are borne on a sp h er ica l c e l l  body.
The photographs were taken a t the fo llo w in g  
in te r v a ls  a f te r  removal from co ld :
P la te  55* 
P la te  56 % 
P la te  57 
P la te  5Ô 
P la te  59 
P la te  60
X  266 ( p )
1 min
2
56 
10 
45
Mm
P la te s  6I -64  are micrographs o f  s e c t io n s  taken  
from organisms trea ted  a t -3°C fo r  6 hr.
PUTE 61
A survey miprograph which shows a lo n g itu d in a l  
se c t io n  o f one o f th e  few axonemes ( arrow) 
which remain a f te r  t h is  treatm ent.
X 4 ,571
PIATE 62
This se c t io n  through th e  ectoplasm  shows an 
axoneme remnant in  tran sverse  s e c t io n . The 
axonema,l m icrotubules are not arranged in  the 
usual p r e c ise  p a ttern . Many tubules appear 
incom plete and the c ir c u la r  p r o f ile  i s  f r e ­
quently in d is t in c t .
X 114,285
PLATE 63
Axoneraal v e s ic l e s  (V) occur c lo se  to  th ese  
tubule remnants, s itu a te d  a t the border o f  
the endoplasm and ectoplasm , seen here in  
lo n g itu d in a l s e c t io n .
X 36,666
PLATE 64
In se v e r a l p laces axonenial v e s ic l e s  appear 
to be continuous w ith tubule remnants (arrows) 
in  t h i s  lo n g itu d in a l s e c t io n  o f  an axonemal 
remnant which l i e s  adjacent to  the n u clear  
envelope.
X 48,372

P la te s  65-67 are micrographs o f  se c t io n s  taken  
from organisms trea ted  a t -3°C fo r  6 hr and 
allowed to  recover a t room temperature fo r  1 min 
prior to  fipcation.
PLATE 6 5
Short len g th s  o f micro tu b u les are very- 
common near to  the n u clear  envelope (E) 
which i s  section ed  perpendicu lar to  i t s  
su r fa ce . Tubules appear to be orien ted  
randomly.
X 43,333
PLATE 66
This s e c t io n  through the endoplasra near  
to  th e  nucleus shows both the c ir c u la r  
p r o f i le s  o f  tran sverse  se c t io n s  through  
m icrotubules (short arrows) and short 
length  o f  tubule in  lo n g itu d in a l s e c t io n  
(long  arrow s).
X 3 5 , 8 8 2
PLATE 67• i»ii» ■
M icrotubule s are d is tr ib u te d  over most o f  
the n u clear envelope o f  t h is  organism. 
P o in ts  o f  tubule attachment to  the ou ter  
su rface o f  the n u clear envelope are not 
grouped to g eth er .
Axonemes (arrovO occur r a r e ly . C lu sters  
of axoneraal v e s ic le s  (V) are seen through­
out the endoplasra.
X  1 0 ,901

P la te s  60-70 m icrographs o f s e c t io n s  ta k e n  
from orgonlsm s t r e a te d  a t  -3°G f o r  6 h r  and allovæ d 
to  re c o v e r a t  room te m p era tu re  f o r  2 m in 'p r io r  to  
f ix a t io n .
PLATE 68
T his s e c t io n  th ro u g h  th e  endoplasni shows two 
axoneme rem nants in  t r a n s v e r s e  s e c t io n  (a rro w s) . 
Many la rg e  c l u s t e r s  o f  axonemal v e s ic l e s  (v) 
a re  a p p a re n t.  Some o f  th e s e  l i e  c lo s e  to  th e  
axoneme rem nants. S in g le  tu b u le s  o ccu r commonly 
in  th e  endoplasraj th e y  a re  no t a l l  o r ie n te d  
r a d i a l l y .
X 21,529
T his s e c t io n  p e rp e n d ic u la r  to  th e  n u c le a r  
envelope (e )  shows tu b u le s  a tta c h e d  to  i t  a t  
t h e i r  b a s e s .  P r o f i l e s  o f  tu b u le s  se c tio n e d  
lo n g i tu d in a l ly  app ear to  he lo n g e r  th a n  a f t e r  
on ly  1 rain o f  reco v e ry  (P la te  65 ) .
X 30 ,000
PLATE 70
M ic ro tu b u le s  a re  d i s t r i b u te d  ov er th e  whole 
o f th e  n u c le a r  envelope (E ). The s u r fa c e  
membrane (SMV has a  smooth o u t l in e  — no 
axopodia a re  p r e s e n t .  M ito ch o n d ria  (m) a re  
p re s e n t  in  th e  ectop lasm  and in  th e  l a y e r  o f  
endoplasDi b o rd e rin g  on th e  ec top lasm .
X 7 ,218
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P la te s  71-73 a re  m icrographs o f  s e c tio n s  ta k e n  from 
organism s t r e a te d  a t  -3^0  f o r  6 h r  and allow ed  to  
re c o v e r a t  room te m p e ra tu re  f o r  2 min p r io r  to  
f ix a t io n  w ith  co ld  f i x a t i v e  (C hap ter VT).
plats 71
A "g ra z in g "  s e c tio n  th ro u g h  th e  n u c le a r  
envelops (E) r e v e a ls  n u c le a r  po res  (P). in  
n e a r“ tr a n s v e r s e  s e c t io n .  The c e n t r a l  re g io n  
o f  th e se  p o re s  ap p ea rs  e l e c t r o n - lu c e n t .
X 52,727
PLATE 72
A s e c t io n  p e rp e n d ic u la r  to  th e  n u c le a r  
envelope ( e ) c o n ta in s  th r e e  n u c le a r  p o re s  ( P ) .
These p o res  c o n ta in  l e s s  e le c tro n -d e n s e  
m a te r ia l  th an  th e  n u c le a r  p o res  o f organism s which 
have n o t been su b je c te d  to  co ld  tre a tm e n t (P la te  3)» 
M ic ro tu b u le s  ap p ea r to  be a tta c h e d  a t  t h e i r  b a se s  
to  th e  n u c le a r  en v e lo p e .
X 24 j 666
PLATE 73
This su rv ey  m icrograph  shows tu b u le  a ttach m en t 
s i t e s  d i s t r i b u te d  over th e  n u c le a r  envelope in  
a  s im i la r  manner to  t h e i r  d i s t r i b u t i o n  o v er th e  
s u r fa c e  o f  n u c le a r  envelopes in  organism s f ix ed  
w ith  warmer f i x a t iv e  a f t e r  th e  same p e rio d  o f  
reco v e ry  from co ld  tre a tm e n t (P la te  7^)*
X 7,836
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P la te s  74-77 are micrographs o f  s e c t io n s  through  
organisms treated  a t -3°C fo r  6 hr and allowed to  
recover a t room tem perature fo r  5 min p r io r  to  
f ix a t io n .
PUTE 74
This s e c t io n  through th e endoplasm r e v e a ls  
groups o f  tubules in  tran sverse  se c tio n .
Some o f  the m icrotubules are arranged in  th e  
u sual axonemal p a ttern , o th ers are n o t. 
Tubules not in  axonemal p attern s are  
freq u en tly  seen  at long and short l in k  
spacings frora each o th er .
X 37,333
This h ig h ly  m agnified tran sv erse  s e c t io n  
through a group o f  m icrotubules r e v e a ls  the 
Bubfibres in  the m icrotubule w a lls  (arrow s).
One m icrotubule has apparently s p l i t  open. 
Short l in k s  (L) are v i s i b l e  in  a few in sta n ces .
X 211,764
PLATE 76
Axopodia do not appear to  protrude from th e  
c e l l  su rface (CS/ o f  t h i s  organism. Hapto- 
c y s t s  (h ) are seen  in  the outer la y e r  o f  
ectoplasm . There are many ectop lasm ic  
vacu o les (^ ).
X  4 ,0 0 0
PLATE 77
A lo n g itu d in a l s e c t io n  o f  an axoneme (arrow) 
which does not con tact the n u clear envelope  
(e ) a t i t s  b ase . The axoneme i s  not r a d ia l ly  
o r ien te d , but l i e s  ta n g e n t ia lly  to  the membrane 
o f a la rg e  ectop lasm ic vacuole (^ ) . H aptocyst- 
l ik e  v e s ic l e s  l i e  deep in  the endoplasm.
X 24,722
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P la te s  78-82 a re  m icrog raphs o f  s e c tio n s  ta k e n  
from organism s t r e a te d  a t  - 30C f o r  6 h r  and allow ed 
to  re c o v e r  f o r  10 rain p r io r  to  f ix a t io n .
PLATE 78
A t r a n s v e r s e  s e c tio n  o f  an  axoneme w ith  
a b e r ra n t  tu b u le  pack in g .
X 22,307
PLATE 79
A t r a n s v e r s e  s e c tio n  o f an axoneme w ith  
a b e r ra n t tu b u le  p ack in g .
X 43 ,200
PLATE 80
' T h is  su rvey  m icrograph  shows th e  b ase s  o f 
many axonernes (a rrow s) which c o n ta c t th e  
s u r fa c e  o f  th e  n u c le a r  en v e lo p e .
X 3 ,111
PLATE 81
The base  o f  t h i s  axoneme, se c tio n e d  lo n g i­
t u d in a l ly ,  c o n ta c ts  th e  n u c le a r  envelope in  
th e  same way as  th e  b ase  o f  an  axoneme from 
an u n tre a te d  o rgan ian  ( P la te  2 ) .  Axonemes 
such as t h i s  a re  f re q u e n tly  r a d i a l l y  o r ie n te d .  
M ic ro tu b u le  a ttachm en t p o in ts  to  the n u c le a r  
envelope a re  n o t d i s t r i b u te d  over most o f  
th e  envelope as th ey  were a t  e a r l i e r  s ta g e s  
o f re co v e ry  from co ld  tre a tm e n t (P la te s  67 
and 70) '  C lu s te r s  o f axonemal v e s i c l e s  (v) 
occur n e a r  develop ing  axonemes.
X 17,263
PLATE 82
Axopodia p ro tru d e  from th e  s u rfa c e  o f  th e  
c e l l  body. This lo n g i tu d in a l  s e c t io n  o f  an 
axopodium re v e a ls  a  sp a rse  p o p u la tio n  o f  
m ic ro tu b u le 8 which a re  e v id e n tly  n o t packed 
in  the  norm al axonemal c o n f ig u ra tio n .
X 43 ,157
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P la te s  83-S7 are micrographs o f  s e c t io n s  taken from 
organisms treated  a t -3°C fo r  6 hr and allow ed to  
recover at room tem perature fo r  4-5 p r io r  to  
f ix a t io n .
PLATE 83
A t r a n s v e r s e  s e c tio n  th ro u g h  an  axopodium 
shows s e v e ra l  i r r e g u l a r l y  packed m ic ro tu b u le s . 
X 54,545
PLATE 84
A lo n g itu d in a l s e c t io n  o f  the t ip  o f  a 
growing axopodium which con ta in s many 
lo n g itu d in a lly  orien ted  m icrotubu les, hapto- 
c y s ts  ( h) and m itochondria (M),
X 33,333
PLATE 85
Shows a tran sverse  s e c t io n  o f an axoneme 
vfithin the c e l l  body. Adjacent to  th e  
axoneme l i e s  a group o f  axonemal v e s ic l e s  (V) 
X  46,666
PLATE 86
A fter  45 min o f  recovery small groupings o f  
tu b u les are s t i l l  not p e r fe c t ly  r a d ia l ly  
orien ted  (arrows) in  th is  s e c t io n  through the 
endoplasm. This su g g ests  that the reordering  
o f  a l l  m icrotubules i s  not complete a t  t h is  
stage  o f  recovery from c o ld .
X 26,666
PLATE 87
T his lo n g itu d in a l s e c t io n  through the base o f  
a la rg e  axoneme (a ) where i t  co n ta cts  the nuclear  
envelope r ev e a ls  o th er tu b u les nearby which are 
not grouped in to  la r g e  axonemes. The appearance 
o f  th ese  tu b u les a lso  su g g ests  th at the ordering  
of a l l  tu b u les i s  not com plete by th is  s ta g e .
X  26,666
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PLATS 88
A l iv in g  organism  w ith  axopodia r e t r a c te d  
a s  a  r e s u l t  o f c o lc h ic in e  tre a tm e n t.
X 483 (Mom)
PLATE 89
A f te r  -washing s e v e ra l tim es in  f r e s h  c u l tu r e  
medium th e  axopodia o f th e  same organism  as 
shown in  P la t e  68 h âv e  grom  ou t a g a in .
X 483 (Mom)
PLATE 90
A l i v in g  organism  p r io r  to  tre a tm e n t w ith  
E.G.T.A.
X 454 (p )
PLATE 91
Pour m inu tes  a f t e r  tre a tm e n t w ith  a  s o lu t io n  
o f E.G.T.A. a  few damaged axopodia s t i l l  
rem ain .
X 454 (P)
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